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  Pref ace   

 The role of oxidative stress in causing liver diseases emerged in the early 1960s 
from the laboratories of Trevor Slater, Mario Umberto Dianzani and others. These 
pioneering works demonstrated that free radical intermediates and lipid peroxida-
tion reactions were involved in causing tissue injury by hepatotoxic agents. With 
time, two additional concepts became increasingly clear, placing liver redox mecha-
nisms at the forefront of biomedical research. First, several laboratories showed that 
the liver, like other tissues, has developed evolutionarily conserved mechanisms and 
strategies to carefully control intra- and extracellular generation of ROS as well as 
of other oxidative stress-related radical or non-radical reactive intermediates in 
order to maintain redox homeostasis. These concepts led to the defi nition by Helmut 
Sies of oxidative stress as “a disturbance in the pro-oxidant–antioxidant balance in 
favour of the former”. A second aspect, potentially even more relevant for its clinical 
impact, was the characterization of the physiological function of redox mechanisms 
in modulating signal transduction, gene expression and cellular responses in various 
tissues including the liver. These notions were fundamental to understanding that a 
derangement in redox homeostasis, resulting in sustained levels of oxidative stress, 
plays a signifi cant role in the pathogenesis of a variety of liver diseases and signifi -
cantly contributes to wound healing and hepatic fi brogenesis. 

  Studies in Hepatic Disorders , included in a multi-volume series by Springer 
Science entitled  Oxidative Stress in Applied Basic Research and Clinical Practice , 
has been designed to offer to clinicians, researchers and Ph.D. students dealing with 
liver diseases a state-of-the-art overview of the impact of oxidative stress and redox 
reactions in liver and biliary tree disorders. Basic scientists as well as pathologists 
and clinicians devoted to experimental and clinical liver-targeted research have pro-
vided a collection of selected contributions on specifi c topics. These contributions 
have been arranged fi rst to cover the basic principles of oxidative stress and redox 
signalling as well as address the signifi cance of oxidative stress and redox changes 
in liver pathophysiology with a focus on hepatocellular injury, liver infl ammation 
and liver fi brogenesis. The role of oxidative stress has been then analysed in specifi c 
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liver disease conditions like acute and chronic liver failure as well as in the most 
clinically relevant conditions of chronic liver disease, including chronic viral infec-
tions, alcohol abuse, autoimmune injury, chronic biliary tree damage and metabolic 
alterations. Finally, the last three chapters offer an up-to-date classifi cation of liver 
cancer and then an overview of the role of oxidative stress in experimental and 
human liver carcinogenesis. 

 In addition to thanking all authors who have been involved in the preparation of 
this volume and the publisher we would like to dedicate this volume to the memory 
of Prof. Mario Umberto Dianzani who died in June 2014.  

  Novara, Italy     Emanuele     Albano     
Torino, Italy    Maurizio     Parola    

Preface
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    Chapter 1   
 Principles of Redox Signaling 

             Paola     Chiarugi     ,     Maria     Letizia     Taddei    , and     Elisa     Giannoni   

1.1             Reactive Oxygen Species 

 Reactive oxygen species (ROS) include a number of chemically reactive molecules 
derived from oxygen. ROS are formed and degraded by all aerobic organisms, leading 
to either physiological concentrations required for normal cell function, or excessive 
quantities, the state called oxidative stress. 

 ROS can be classifi ed into oxygen-centered radicals and oxygen-centered non- 
radicals. Oxygen-centered radicals are superoxide anion ( • O 2  – ), hydroxyl radical ( • OH), 
alkoxyl radical (RO • ), and peroxyl radical (ROO • ). Oxygen-centered non- radicals are 
hydrogen peroxide (H 2 O 2 ) and singlet oxygen ( 1 O 2 ). Other reactive species are reactive 
nitrogen species (RNS) such as nitric oxide (NO • ) and peroxynitrite (OONO – ) [ 181 ]. 

 Clinical studies reported that ROS are associated with many age-related degen-
erative diseases, including atherosclerosis, cancers, arthritis, heart attack, hepatitis, 
and liver injury [ 38 ]. Benign functions of free radicals have also been reported, 
including control of gene expression and cell growth. In addition, ROS are acknowl-
edged defence mechanisms to target tumour cells and microbial infections [ 181 ]. 

1.1.1     Superoxide Anion ( • O 2  – ) 

 Superoxide anion is a reduced form of molecular oxygen created from molecular 
oxygen by the addition of an electron. The superoxide anion, in spite of being a free 
radical, is not highly reactive. It lacks the ability to penetrate lipid membranes and 
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is therefore enclosed in the compartment where it was produced. Superoxide anion 
derives spontaneously from the mitochondrial electron transport system, but is also 
produced endogenously by fl avoenzymes, i.e., xanthine oxidase (XO), lipoxygen-
ase (LOX), and cyclooxygenase (COX) [ 136 ]. Two molecules of superoxide rapidly 
dismutate to hydrogen peroxide and molecular oxygen (2 • O 2  –  + 2H +  → H 2 O 2  + O 2 ) 
and this reaction is further accelerated by superoxide dismutase (SOD).  

1.1.2     Hydroxyl Radical ( • OH) 

 Hydroxyl radical is the most reactive free radical and can be formed from hydrogen 
peroxide in a reaction catalyzed by metal ions (Fe 2+  or Cu + ), often bound in complex 
with different proteins or other molecules. This is known as the Fenton reaction: 
H 2 O 2  + Cu + /Fe 2+  → OH + OH −  + Cu 2+ /Fe 3+ . 

 Due to its strong reactivity with biomolecules,  • OH is probably capable of doing 
more damage to biological systems than any other ROS [ 13 ].  

1.1.3     Hydrogen Peroxide (H 2 O 2 ) 

 Hydrogen peroxide can be generated through a dismutation reaction from superox-
ide (2 • O 2  –  + 2H +  → H 2 O 2  + O 2 ) catalyzed by SOD or through the activity of enzymes 
such as amino acid oxidase and XO. 

 Hydrogen peroxide is the least reactive molecule among ROS and is stable under 
physiological pH and temperature in the absence of metal ions. However, it plays a 
radical-forming role as an intermediate in the production of more reactive ROS 
molecules, among which include HOCl (hypochlorous acid), the hydroxyl radical, 
and the singlet oxygen [ 187 ].  

1.1.4     Singlet Oxygen ( 1 O 2 ) 

 Singlet oxygen is a non-radical and excited status. Compared with other ROS, sin-
glet oxygen is rather mild and non-toxic for mammalian tissue [ 187 ]. However, 
singlet oxygen has been known to be involved in cholesterol oxidation, accelerated 
by the co-presence of fatty acid methyl ester [ 66 ]. In some cases, singlet oxygen 
acts as a weapon, showing therapeutic potency against various pathogens such as 
microbes, viruses, and cancer cells [ 187 ].  

1.1.5     Peroxyl and Alkoxyl Radicals 

 Peroxyl radicals (ROO • ) are formed by a direct reaction of oxygen with alkyl radicals 
(R • ), for example, the reaction between lipid radicals and oxygen. Decomposition of 
alkyl peroxides (ROOH) also results in peroxyl (ROO • ) and alkoxyl (RO • ) radicals. 
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Peroxyl and alkoxyl radicals are good oxidizing agents [ 43 ] and they can abstract 
hydrogen from other molecules with lower standard reduction potential. This reaction 
is frequently observed in the propagation stage of lipid peroxidation.  

1.1.6     Nitric Oxide (NO • ) 

 Nitric oxide is a free radical with a single unpaired electron. However, despite its 
unpaired electron, it does not readily react with most biomolecules. On the other 
hand, it easily reacts with other free radicals (e.g., peroxyl and alkyl radicals), gen-
erating mainly less reactive molecules, thus acting as a free radical scavenger. Nitric 
oxide is formed from  L -arginine by NO synthase (NOS) [ 50 ]. In physiologic con-
centrations NO functions mainly as an intracellular messenger, relaxing smooth 
muscle in blood vessels. When produced in larger amounts, NO becomes an impor-
tant factor in redox control of cellular function. Nitrosylation of proteins is known 
to regulate, for example, enzymatic activity [ 186 ]. Excessive production of NO is 
counteracted by its conjugation with glutathione that results in the  S -nitrosoglutathione 
adduct (GSNO).  

1.1.7     Peroxynitrite (OONO – ) 

 When NO is produced in large amounts in parallel with  • O 2  – , the two species react with 
each other to generate peroxynitrite ( • O 2  –  + NO •  → OONO – ), which is highly cytotoxic 
and diffusible across cell membranes [ 4 ]. Peroxynitrite may react directly with diverse 
biomolecules, as for example with CO 2  to form highly reactive nitroso peroxocarbox-
ylate (ONOOCO 2  − ), or protonated as peroxonitrous acid (ONOOH) undergoes 
homolysis to form either  • OH and nitric dioxide ( • NO 2 ). Peroxynitrite, directly or 
via its reaction products, may oxidize low-density lipoprotein and generally cause 
direct protein oxidation and DNA oxidation. Accordingly, peroxynitrite appears to 
be an important tissue-damaging species generated at the sites of infl ammation and has 
been shown to be involved in various neurodegenerative disorders [ 4 ].   

1.2     Mechanism of ROS Generation 

 ROS are products of normal cellular metabolism and derive from many sources in 
different cellular compartments. Cellular production of ROS occurs from both 
enzymatic and non-enzymatic sources. Any electron-transferring protein or enzy-
matic system can virtually result in the formation of ROS as “by-products” of 
electron transfer reactions. Key sources of intracellular ROS include mitochondrial 
respiratory enzymes, membrane oxidases as NADPH oxidase (NOX), and cyto-
solic enzymatic systems as LOX, COX, XO, and the CytP450 superfamily of 
monooxygenases. 

1 Principles of Redox Signaling
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1.2.1     Mitochondria 

 The generation of mitochondrial ROS is mainly, but not only, a consequence of 
oxidative phosphorylation. At several sites along the electron transport chain (ETC), 
electrons derived from pyridine or fl avin-reduced coenzymes can react directly with 
molecular oxygen and generate superoxide ions. It was demonstrated that complex 
I, also referred to as NADH-ubiquinone oxidoreductase, is involved in superoxide 
production [ 141 ]. The mitochondrial superoxide produced by complex I is released 
into the matrix [ 184 ]. Similarly, succinate dehydrogenase (complex II enzyme) is 
responsible for the reduction of CoQ and has also shown to be involved in generat-
ing low levels of superoxide anion [ 216 ]. On the other hand, complex III (ubiquinol- 
cytochrome c oxidoreductase) was shown to be responsible for superoxide 
generation in the intermembrane space, through the Q-cycle [ 84 ]. Interestingly, the 
contribution of each of these enzymes to ROS production is different in different 
tissues and during disease conditions. For instance, while complex III has been 
implicated as the major source of superoxide in the heart, complex I seems to be of 
prime importance in the brain [ 111 ]. Additionally, enzymes such as glycerol-3- 
phosphate dehydrogenase, monoamine oxidase, dihydrolipoamide dehydrogenase, 
and electron-transferring-fl avoprotein dehydrogenase have also been implicated in 
ROS production [ 45 ,  135 ]. 

 Once formed,  • O 2  –  is usually converted to H 2 O 2  by Mn-containing mitochondrial 
SOD2, Cu/Zn-containing cytosolic SOD1, or extracellular SOD3 [ 58 ]. Although 
H 2 O 2  is more stable than superoxide, it can freely diffuse out of the mitochondria 
into the cytosol, thereby reducing the harmful effects of these reactive species to the 
mitochondria. Alternatively, superoxide may be carried to the cytoplasm by voltage- 
dependent anion channels [ 58 ].  

1.2.2     NOX Enzymes 

 Of the many ROS-generating reactions that occur in cells, the sole enzyme that 
produces ROS as its primary function is NOX. Originally designated as “phagocytic 
oxidase” activities involved in defence and innate immunity, the NOX family is now 
formally recognized as a category of transmembrane proteins expressed by a wide 
variety of cell types [ 6 ]. All NOX isoforms have conserved structural properties to 
allow for the reduction of molecular oxygen to superoxide anion in concert with the 
transport of electrons across the plasma membrane. To date, seven members of this 
family have been described: NOX 1–5 and dual oxidase (DUOX) 1 and 2. The cata-
lytic subunit of all NOXes contains a C-terminal fl avin adenine nucleotide dehydro-
genase domain with a NADPH binding site. NOXes are expressed in many tissues 
and mediate diverse biological functions. 

 NOX2, also known as the phagocytic NOX, is the prototypical NOX that is 
endowed with a clear role in the host defence against bacteria. NOX2 is activated 
when the regulatory subunit p47phox is phosphorylated and associates with the 
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regulatory subunits p67phox and p40phox, the membrane-bound p22phox, and the 
RAC GTPase [ 6 ]. A pathological increase in NOX2 contributes to oxidative injury 
and vascular damage, including angiogenesis, endothelial dysfunction, and vascular 
infl ammation [ 196 ]. 

 NOX1 and NOX3 are related to the generation of ROS by extracellular stimuli 
through membrane-bound receptors for hormones, cytokines, and integrins [ 8 ]. 
Notably, peroxiredoxin I synergizes with NOX-driven redox signaling. Indeed, 
growth factors lead to localized inactivation of peroxiredoxin I, allowing the tran-
sient accumulation of hydrogen peroxide around membranes, where signaling com-
ponents are concentrated [ 213 ]. 

 NOX4 is mainly detected in the endoplasmic reticulum, mitochondria, and 
nucleus [ 196 ]. NOX4 activation does not seem to require p47phox, p67phox, 
p40phox, or RAC. Another distinctive trait of NOX4 is its preferential production 
of H 2 O 2  versus  • O 2  – , likely due to a highly conserved histidine residue, promoting 
the rapid dismutation of  • O 2  –  before it leaves the enzyme [ 17 ]. Although the precise 
mechanisms are unclear, NOX4 has been implicated in hypertension, atherosclero-
sis, and in cardiovascular and renal complications of diabetes [ 27 ]. 

 NOX5 is the most recently identifi ed of the NOX isoforms and its features are 
highly distinctive. Unlike the other isoforms, NOX5 possesses an amino-terminal 
calmodulin-like domain and is regulated in a Ca 2+ -sensitive manner. NOX5 is also 
unique in that its activation is independent of p22phox or other subunits. The bio-
logical signifi cance of vascular NOX5 is unknown, although it has been implicated 
in endothelial cell proliferation, angiogenesis, and in oxidative damage in athero-
sclerosis [ 196 ]. 

 DUOX1 and DUOX2, highly expressed in the thyroid, show both a NOX domain 
and a thyroid peroxidase domain. They share with NOX4 the ability to internally 
dismutase superoxide, as the main ROS detected upon their activation is hydrogen 
peroxide [ 119 ].  

1.2.3     Lipoxygenase and Cyclooxygenase 

 Arachidonic acid, derived from the PLA2-dependent hydrolysis of phospholipids, 
forms the substrate for COX- and LOX-dependent synthesis of the four major 
classes of eicosanoids: prostaglandins, prostacyclins, thromboxanes, and leukotri-
enes. These synthetic pathways involve a series of oxidation steps that involve a 
number of free radical intermediates. 

 Arachidonic acid metabolism which leads to leukotriene synthesis, particularly 
involving the LOX pathway, has been reported to generate ROS [ 194 ]. The prod-
ucts of the reaction catalyzed by LOXes are hydroperoxyeicosatetraenoaic acid, 
thereafter converted into leukotrienes, and superoxide, converted into H 2 O 2  again 
by enzymatic dismutation mediated by cytosolic SOD. 

 COX is a rate-limiting enzyme in prostaglandin biosynthesis, driving a two-step 
enzymatic process culminating in ROS generation [ 95 ]. Oxygenase activity of 
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COX fi rst converts arachidonic acid to prostaglandin G2 and then to prostaglandin 
H 2  by COX peroxidase activity. While COX-1 is constitutive and widespread 
among different tissues, COX-2, generally undetectable in most tissues, is induc-
ible by growth factors and cytokines and is dramatically known as a conspirator of 
cancer progression [ 95 ].  

1.2.4     Xanthine Oxidase 

 In addition to membrane-associated oxidases, soluble enzymes such as XO, alde-
hyde oxidase, dihydroorotate dehydrogenase, fl avoprotein dehydrogenase, and tryp-
tophan dioxygenase can generate ROS during catalytic cycling. The most extensively 
studied of these is the  • O 2  – -generating XO [ 21 ]. XO is a molybdofl avin enzyme that 
catalyzes the terminal two reactions in purine degradation. XO is a homodimer with 
each subunit consisting of four redox centers: a molybdenum cofactor (Mo-co), one 
FAD site, and two Fe/S clusters. The Mo-co is the site of purine oxidation, while 
NAD +  and O 2  reduction occur at the FAD site. The two Fe/S clusters provide the 
conduit for electron fl ux between the Mo-co and the FAD [ 146 ]. During infl amma-
tory conditions, post-translational modifi cations by oxidation or limited proteolysis 
decrease the affi nity of the FAD site for NAD +  while increasing the affi nity for oxy-
gen. This culminates in the enhancement of univalent and divalent electron transfer 
to O 2 , generating  • O 2  –  and H 2 O 2 , respectively [ 87 ]. This capacity to reduce O 2  led to 
XO being identifi ed as the fi rst source of biological  • O 2  –  formation [ 21 ].  

1.2.5     Cytochrome P450 

 The endoplasmic reticulum is an intracellular organelle that contains enzymes that 
catalyze a series of reactions to detoxify lipid-soluble drugs and other harmful met-
abolic products. The most extensively studied of these enzymes is the cytochrome 
P450 superfamily, a group of heme-containing proteins with multiple functions 
including the metabolism of xenobiotics such as drugs, toxins, carcinogens, and 
endogenous substrates, such as fatty acids and steroids. The cytochrome P450 
enzymes catalyze a number of chemical reactions such as peroxidation, de- 
alkylation, mono-oxygenation, reduction, epoxidation, and de-halogenation [ 5 ]. 
The catalytic activity of the cytochrome P450 enzymes requires molecular oxygen 
activation, which results in the generation of ROS such as superoxide anion, hydro-
gen peroxide, and hydroxyl radical. 

 Oxidative stress is a pathogenic factor for the onset of alcoholic (ALD) and non- 
alcoholic fatty liver diseases (NAFLD), clinical conditions leading to hepatocel-
lular injury and infl ammation resulting from alcohol consumption, high fat diet, 
obesity, and diabetes [ 121 ]. Of note, cytochrome P450 is greatly involved in alcohol 
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metabolism. Among the cytochrome P450 family, CYP2E1 has been identifi ed as 
the most relevant for ALD as it is highly inducible and it has high catalytic activity 
for alcohol [ 122 ]. 

 CYP2E1 is mainly expressed in the liver, with hepatocytes showing the highest 
expression. During the catalytic cycle of CYP2E1, signifi cant amounts of ROS are 
generated, which subsequently cause cellular damage, such as lipid peroxidation, 
oxidant and nitrosative stress, and mitochondrial damage. 

 In addition to ethanol, CYP2E1 also metabolizes polyunsaturated fatty acids 
such as linoleic acid and arachidonic acid to generate hydroxylated fatty acids [ 5 ]. 
The hydroxylated fatty acids are further metabolized to dicarboxylic fatty acids that 
are cytotoxic at high concentrations. Indeed, increased CYP2E1 protein expression 
and activity were found in obesity, fatty liver, and non-alcoholic steatohepatitis [ 5 ].  

1.2.6     Peroxisomal Enzymes 

 Mammalian peroxisomes play a key role in various metabolic pathways, including 
fatty acid α- and β-oxidation, amino acid catabolism, and polyamine oxidation [ 56 ]. 
Interestingly, many of the enzymes participating in these pathways generate specifi c 
ROS as by-products of their normal catalytic function, including acyl-CoA oxi-
dases, urate oxidase, and  D -amino acid oxidase [ 56 ]. 

 Specifi c signaling roles have not been ascribed to peroxisome-derived oxidants 
and only a small fraction of H 2 O 2  generated in these intracellular organelles appears 
to escape peroxisomal catalase. Indeed, peroxisomal catalase utilizes H 2 O 2  pro-
duced by these oxidases to oxidize a variety of other substrates in “peroxidative” 
reactions. These types of oxidative reactions are particularly important in liver and 
kidney cells in which peroxisomes detoxify a variety of toxic molecules (including 
ethanol) that enter the circulation. 

 Among the peroxisomal enzymatic sources of oxidants, the inducible form of 
NOS (NOS2) is the major source of RNS. NOS2 is a homodimeric enzyme that 
catalyzes the oxidation of  L -arginine to NO •  and citrulline in a complex reaction 
requiring O 2 , NADPH, tetrahydrobiopterin, FMN, and FAD. Interestingly, in the 
absence of adequate substrate or when in its monomeric form, the enzyme can also 
produce signifi cant amounts of  • O 2  – . Several studies have shown that NOS2 displays 
a dual cytosolic-peroxisomal localization in hepatocytes. Interestingly, it has been 
shown that while the peroxisomal pool of NOS2 mainly consists of “inactive” 
monomers, the cytosolic pool is composed of both monomers and “active” homodi-
mers [ 128 ]. These fi ndings, in combination with the observation that monomeric 
NOS2 can generate  • O 2  – , led to the hypothesis that NOS2 might be sequestered by 
peroxisomes to protect the larger cellular environment from monomeric NOS2- 
generated superoxide [ 128 ]. Nevertheless, at the moment, it cannot be rigorously 
excluded that, under certain circumstances, peroxisomal NOS2 may also actively 
produce NO •  and function as a source of RNS signaling molecules.   
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1.3     ROS Scavenging 

 Both aerobic and anaerobic metabolisms produce ROS, which are balanced by 
endogenous antioxidant systems. Imbalances between ROS and antioxidants may 
result in cellular oxidative stress, and therefore, prevention of excessive ROS and 
repair of cellular damages is essential for cell’s life. Halliwell and Gutteridge in 
1995 defi ned antioxidants as “any substance that, when present at low concentra-
tions compared with that of an oxidizable substrate, signifi cantly delays or inhibits 
oxidation of that substrate” [ 83 ], but later, defi ned them as “any substance that 
delays, prevents or removes oxidative damage to a target molecule” [ 82 ]. 
Antioxidants can be classifi ed based on their localization into plasma antioxidants 
(vitamin C, bilirubin, uric acid, transferrin, ceruloplasmin, β carotene), cell mem-
brane antioxidants (α tocopherol/vitamin E), and intracellular antioxidants (SOD, 
catalase, glutathione peroxidase (GPX)). Antioxidants can be further classifi ed 
according to their nature in enzymatic antioxidants (SOD, catalase, GPX, glutathi-
one reductase) and non-enzymatic antioxidants, such as nutrient antioxidants 
(β-carotene, α-tocopherol, ascorbic acid) and metabolic antioxidants (bilirubin, uric 
acid, ceruloplasmin, ferritin, transferrin, albumin, glutathione). Moreover, oxidants 
can be sorted on the basis of their mode of action: the different antioxidants are thus 
divided into (1) antioxidants involved in the prevention of oxidants formation by 
favoring the generation of less active ROS (i.e., SOD, catalase, GPX); (2) antioxi-
dants which are chelators of transition metal ions, like transferrin, ferritin, cerulo-
plasmin; and (3) antioxidants that are ROS scavengers (i.e., ascorbic acid, vitamin 
E, uric acid). 

1.3.1     Non-enzymatic Antioxidants 

 The non-enzymatic antioxidants are a heterogeneous group of molecules, contain-
ing among the others: glutathione, proteins chelating transition metals which pre-
vent the production of free radical, uric acid which is the major antioxidant in the 
human plasma able to scavenge singlet oxygen and hydroxyl radical, and bilirubin 
which effi ciently scavenges peroxyl radical. The vitamin compounds with antioxi-
dant activity include vitamin E (α-tocopherol), an organic chemical molecule solu-
ble in fats localized mainly in cell membranes which has a key role mainly by 
quenching lipid peroxidation initiated by ROS and by capturing free hydroxyl radi-
cals and superoxide [ 123 ]. Also vitamin C (ascorbic acid) is involved in the reduc-
tion of radicals from a variety of source, inhibiting lipid peroxidation and 
participating in recycling radicals produced by oxidation of vitamin E [ 197 ]. 
Carotenoids are a group of fat-soluble organic compounds found mainly in yellow, 
red, orange, and pink vegetable dyes; they are characterized by an extended system 
of conjugated double bonds which are responsible for their antioxidant properties. 
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Carotenoids also protect biological system against singlet oxygen-mediated damage 
by direct quenching [ 144 ]. Finally, a wide class of compounds derived from the 
secondary metabolism of plants, the polyphenols, are able to scavenge free radicals, 
up-regulate many metal chelating reactions, and inhibit the lipid peroxidation 
of LDL. 

 Glutathione is one of the most important cellular antioxidants [ 160 ]. It is a 
cysteine- containing peptide that participates directly in the neutralization of free 
radicals and reactive oxygen compounds and maintains exogenous antioxidants 
such as vitamins C and E in their reduced (active) forms. Glutathione exists in both 
reduced (GSH) and oxidized (GSSG) states. In the reduced state, the thiol group of 
cysteine is able to donate a reducing equivalent (H +  +  e  − ) to other unstable mole-
cules, such as ROS. In donating an electron, glutathione itself becomes reactive 
and readily binds to another reactive GSH to form glutathione disulfi de (GSSG). 
During oxidative stress, GSH is converted to GSSG, resulting in a decrease in 
GSH/GSSG ratio, commonly considered an indicator of redox balance. In healthy 
cells and tissues, more than 90 % of the total glutathione pool is in the reduced 
form (GSH) and less than 10 % exists in the disulfi de form (GSSG). GSH can be 
regenerated from GSSG by the enzyme glutathione reductase (GSR) as NADPH 
reduces the FAD moiety of GSR to produce a transient FADH-anion. This anion 
then quickly breaks a disulfi de bond (Cys58–Cys63) and leads to Cys63 nucleo-
philic attack of the nearest sulfi de unit in the GSSG molecule, which creates a 
mixed disulfi de bond (GS-Cys58) and a GS-anion. His467 of GSR then protonates 
the GS-anion to form the fi rst GSH. Next, Cys63 reacts with the sulfi de of Cys58, 
releasing a GS-anion, which, in turn, picks up a solvent proton and is released from 
the enzyme, thereby creating the second GSH. So, for every GSSG and NADPH, 
two reduced GSH molecules are gained, which can again act as antioxidants scav-
enging ROS in the cell. In addition, the sulfridryl group of GSH, in the presence of 
O 2 , may react with nitric oxide to produce GSNO, which can serve as a physiologi-
cal scavenger of NO. Indeed, GSNO can react with GSH, yielding GSSG, nitrite, 
nitrous oxide, and ammonia [ 183 ], products that may contribute to protein nitrosyl-
ation. The steady state of nitrosylated protein depends on the enzyme GSNO-
reductase, playing a central role in controlling protein S-nitrosylation-based 
signalling. In addition to GSNO-reductase action, denitrosylation of SNO proteins 
depends also on the thioredoxin (TRX) system, which comprises TRX and TRX 
reductase (TRXR) [ 145 ]. 

 GSH may also react with sulfenic acid of oxidized proteins to form a mixed disul-
phide in a reaction known as S-glutathionylation or S-thiolation. This reaction pre-
vents the further oxidation to sulfi nic acid and sulfonic acid. The S-glutathionylation 
can be either spontaneous or catalyzed by glutathione  S -transferase (GST). GSTs are 
the most important family of enzymes known to have a crucial function in the detoxi-
fi cation of a variety of both endogenous products of oxidative stress and exogenous 
carcinogens [ 89 ], playing an important role in cellular protection against oxidative 
stress.  
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1.3.2     Enzymatic Antioxidants 

1.3.2.1     Superoxide Dismutase, Catalase, and Glutathione Peroxidase 

 For what the endogenous enzymatic antioxidants is concerned, SOD is one of the 
primary antioxidant defences against superoxide radicals; indeed, increased enzy-
matic activity of SOD correlates with enhanced resistance to oxidative stress. The 
cytoplasmic isoform of SOD is copper/zinc-dependent enzyme, while the mito-
chondrial isoform is a manganese-dependent enzyme [ 9 ]. It is also present as a third 
form of SOD in extracellular fl uids, which contains copper and zinc in its active site. 
Superoxides, through the reaction catalyzed by SOD, are transformed into the less 
reactive hydrogen peroxide moiety, then the decomposition of hydrogen peroxide to 
form water and oxygen is accomplished in the cell by catalases, enzymes dependent 
on either an iron or manganese cofactor. Catalase is also able to oxidize alcohol 
in vitro in the presence of an H 2 O 2 -generating system [ 105 ], even if under physio-
logic liver conditions its role in ethanol oxidation is secondary with respect to 
CYTP450 and the microsomal ethanol oxidizing system. This antioxidative enzyme 
is widely distributed in the cell, with the majority of the activity occurring in the 
mitochondria and peroxisomes. 

 By the way, the enzyme with the much greater affi nity for hydrogen peroxide is 
GPX, an enzyme containing selenium as cofactor that catalyzes the breakdown of 
hydrogen peroxide and organic hydroperoxides [ 191 ]. During normal function of the 
antioxidant defence system, GPX utilizes reduced glutathione to detoxify hydrogen 
peroxide. As already mentioned, GSR is then necessary to convert GSSG into GSH 
using electrons from the oxidation of NADPH [ 131 ]. For this reason, a constant sup-
ply of NADPH must be available to continuously detoxify hydrogen peroxide.  

1.3.2.2     Peroxiredoxins, Sulfi redoxins, Thioredoxins, and Glutaredoxins 

 Beside the activity of catalase and GPX, recently peroxiredoxins (PRX) have been 
identifi ed as a new family of peroxidases able to effi ciently decrease growth factors- 
induced hydrogen peroxide. At least six mammalian PRXes have been identifi ed, 
subdivided into typical 2-cysteine PRXes, in which the two active site cysteines are 
conserved, one in the N-terminal region and the other in the C-terminal region; 
atypical 2-cysteine PRXes, with conservation of the N-terminal cysteine but not of 
the C-terminal cysteine and 1-cysteine PRXes that contains only the N-terminal- 
conserved cysteine as redox site [ 167 ]. PRXes are highly abundant and are believed 
to control the hydrogen peroxide intracellular level; indeed, their overexpression 
lowers the intracellular levels of H 2 O 2  and inhibits the signalling induced by platelet- 
derived growth factor (PDGFR), tumour necrosis factor-α, or ceramide [ 167 ]. 
The redox-active cysteine (the peroxidatic cysteine) in the active site of PRX is 
oxidized to a sulfenic acid by the peroxide substrate, resulting in a subsequent 
 formation of PRX inter-subunit disulfi de bond. 
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 As mentioned, the over-oxidation of the peroxidatic cysteine residue to sulfi nic 
acid in PRXes inactivates these enzymes, but this can be reversed by the action of 
Sulfi redoxin (SRX), a cysteine sulfi nyl reductases by repairing the sulfi nic group of 
PRX, regenerating the active enzyme. This PRX inactivation–reactivation cycle 
represents a cell signaling loop [ 99 ]; indeed, cell cycle arrest is combined with 
recruitment of hyper-oxidized PRX II to high molecular weight oligomers, and that 
recovery is associated with regeneration of the reduced enzyme [ 156 ]. An alterna-
tive way to inhibit PRX through tyrosine phosphorylation following NOX activa-
tion has been recently proposed [ 213 ]. Originally, PRX were considered only weak 
scavengers of ROS, but recently it has been shown that they are active peroxidases 
as catalase or GPX. Moreover, PRXes are characterized by their interaction with 
numerous regulatory proteins, including c-Abl, c-Myc, c-Jun N-terminal kinase 
(JNK), and the platelet-derived growth factor [ 97 ]. Indeed, PRX II is a negative 
regulator of PDGF signalling, since PRX II defi ciency leads to an increase in 
PDGFR-mediated H 2 O 2  production. It has been demonstrated that PRX II is 
recruited to PDGFR following its stimulation and then it is able to suppress protein 
tyrosine phosphatase (PTPs) inactivation removing endogenous H 2 O 2 , thus termi-
nating the PDGF signalling [ 35 ]. 

 Interestingly, PRX I is the most active 2-Cys PRX in the elimination of ROS 
from the liver. Ethanol consumption induces the accumulation of CYP2E1, a major 
contributor to ethanol-induced ROS production in the liver. PRX I was found to be 
closely associated with CYP2E1 on the cytosolic side of the liver endoplasmic retic-
ulum membrane. Thus, the selective role of PRX I in ROS removal in liver is likely 
due to the proximity of PRX I and CYP2E1 [ 7 ]. Also SRX takes part in this process; 
as mentioned, SRX is an enzyme that can reduce sulfi nic acid back to thiol, in an 
ATP-dependent manner. It has been demonstrated that ethanol consumption mark-
edly increased the expression of SRX in the liver of mice in a nuclear factor ery-
throid 2-related factor 2 (Nrf2)-dependent manner, and the SRX action, in concert 
with PRX I, exerts a protective action of the liver in ethanol-fed mice as shown by 
the severe oxidative damage observed in mice lacking either SRX or PRX [ 7 ]. 
The antioxidant function of SRX depends on a C-terminal cysteine residue that is 
conserved in all family members [ 26 ]. SRX also cause the deglutathionylation of 
PRX II and other proteins [ 55 ]. The biological function of SRX may involve in the 
regulation of various cell-signaling pathways to promote tumorigenesis and cancer 
progression. Abnormally high expression of SRX has been demonstrated in many 
malignant tumours including those of skin, lung, and colon [ 211 ]. 

 The disulphide reductase TRX is able to drive reduction of sulphenic acids (SOH) 
and disulphides (S–S). Glutaredoxin (GRX) can support the reversibility of mixed 
disulphides with GSH and S-nitrosothiols, while only SRX can reverse the formation 
of sulphinic acids (SO 2 H). Finally, sulphonic acids (SO 3 H) are currently believed to 
be irreversible terminal products of over-oxidation, since no known enzyme is able 
to catalyze the reduction of sulfonic acids in proteins [ 97 ]. TRX and GRX are disul-
fi de reductases which play a key role in controlling redox homeostasis. Both TRX 
and GRX contain a common dithiol/disulfi de active site motif (Cys-X- X-Cys) [ 11 ]. 
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TRX catalyzes the reversible reduction of disulfi des, causing a reduced pool of 
dithiol target protein. The resulting disulfi des in the active form of TRX are then 
reduced by TRXR, using NADPH as electron donor. TRX1 is ubiquitously expressed 
and is upregulated under infl ammatory conditions [ 11 ]. TRX1/TRXR1 is the main 
TRX-based system in the cytoplasm, while TRX2/TRXR2 acts mainly within mito-
chondria. Several proteins are redox regulated by TRX and include Nuclear Factor 
kappa B (NF-κB), Activator Protein-1, p53, glucocorticoid and estrogen receptors, 
and hypoxia inducible factor (HIF-1) [ 97 ]. TRX1 can also be translocated to the 
nucleus, following certain stimuli, or to the extracellular compartment following a 
secretory pathway. Circulating levels of TRX were reported to be increased in 
patients with several diseases, like rheumatoid arthritis, acute lung injury, or HIV 
infection. Furthermore, extracellular TRX can act as a unique chemoattractant for 
neutrophils, monocytes, and T cells [ 12 ]. TRX80, a 10-kDa C-terminally truncated 
variant of TRX, is also secreted. This is a potent mitogenic cytokine that stimulates 
growth of resting human peripheral blood mononuclear cells [ 153 ] and differentia-
tion of human CD14(+) monocytes into a novel phenotype in association with activa-
tion of mitogen-activated protein kinases [ 152 ]. 

 Mammalian GRXes, also known as thiol transferases, reverse  S -glutathionylated 
cysteines, restoring the protein cysteine to the sulfhydryl group [ 176 ]. The GRX 
system consists of GRX enzymes, GSH, GSR, and NADPH. GRX performs the de- 
glutationylation reactions, also known as the reduction of protein-mixed disulfi des 
(PSSG, glutathionylated cysteines). The reduction of PSSG by GRX results in a 
mixed disulfi de between GSH and the N-terminal active site cysteine (glutathionyl-
ation of GRX). This is then reduced by a second GSH molecule. GSSG is fi nally 
regenerated by GSR using NADPH [ 176 ]. Levels of GRX are dynamically regu-
lated and an increase in GRX has been observed both in cancer and cardiovascular 
diseases [ 11 ,  148 ]. Recently, the group of Janssen-Heininger has shown that multi-
ple stimuli, such as the Toll-like receptor ligands, lipopolysaccharide and CpG 
DNA, interleukin-4, and transforming growth factor-beta 1 cause a decrease in 
GRX activity in primary lung epithelial cells. In contrast, increase in GRX activity 
occurs in cells exposed to Interferon-gamma or in mice with allergic airways dis-
ease [ 164 ]. Interestingly, both GRX1 and 2 can be  S -nitrosylated, resulting in a 
decrease of GRX activity [ 88 ]. Also, TRX and protein disulfi de isomerase (PDI) are 
targets of S-nitrosylation. Intriguingly, in addition to GRX itself, TRX and PDI are 
targets for S-glutathionylation [ 24 ,  57 ]. S-glutathionylation of TRX at Cys72 abol-
ishes the disulfi de reductase activity of TRX [ 24 ], whereas S-nitrosylation of Cys63 
was reported to increase TRX activity [ 81 ]. 

 All together, these observations underline the important cross-regulation of the 
various redox systems, which may have impact on steady state levels of several 
cysteine oxidation states. Indeed, the aforementioned enzyme systems operate 
together with classical antioxidant defences consisting of SODs, catalase, or GPX 
to control steady state levels of  • O 2  – , H 2 O 2 , NO • , and SNO. It is evident that cells 
have evolved several different systems, consisting of cysteine/cystine, GSH/GSSG, 
and TRX-SH/TRX-SS, to keep under control the redox blend in order to allow and 
fi nely tune redox signalling.   
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1.3.3     The Keap1–Nrf2 Signalling 

 Another mechanism for cytoprotection is the Keap1 (kelch-like ECH-associated pro-
tein 1)–Nrf2 pathway which plays a central role in the defence of cells against oxida-
tive and xenobiotic stresses. Nrf2 is a potent transcription activator possessing a 
well-conserved basic region-leucine zipper (bZip) motif that recognizes a unique 
DNA sequence known as the antioxidant response element (ARE) or electrophile 
response element (EpRE; TGA(G/C)NNNGC), through heteromerizing with the 
small Maf protein [ 139 ]. This complex plays a central role in the inducible expression 
of many cytoprotective genes in response to oxidative and electrophilic stresses. 
Under non-oxidative conditions, Nrf2 activation is prevented by its binding to Keap1. 
The Keap1/Nrf2 complex is constantly ubiquitinated in the cytoplasm and degraded 
in the proteasome. Keap1 is a thiol-rich protein, endowed with multiple highly reac-
tive cysteine residues. Oxidative insults target Keap1 by modifying its Cys273 and 
Cys288, leading to Keap1 inactivation, dissociation of Keap1 from Nrf2, and fi nally 
causing Nrf2 stabilization by preventing its degradation. It has been demonstrated that 
Keap1 acts as a redox-sensitive adaptor for a Cul3-based E3 ligase [ 109 ]. Thus, the 
complex of Keap1, Nrf2, and Cul3 determines rapid degradation of Nrf2 via the ubiq-
uitin proteasome system. Accumulation of Nrf2 in the nucleus activates transcription 
of genes that encode detoxifying enzymes and antioxidant proteins, such as NAD(P)
H:quinone oxidoreductase 1, GST, heme oxygenase- 1, etc. In general, the target genes 
of Nrf2 (a) provide direct antioxidants, (b) encode enzymes that directly inactivate 
oxidants, (c) increase levels of glutathione synthesis and regeneration, (d) stimulate 
NADPH synthesis, (e) enhance toxin export via the multidrug response transporters, 
(f) inhibit cytokine-mediated infl ammation, and (g) enhance the recognition, repair, 
and removal of damaged proteins [ 206 ]. 

 Recently, it has been highlighted as a crucial role of Nrf2 signalling for protect-
ing against liver injury induced by alcohol, as well as other hepatotoxicants [ 112 ]. 
Indeed, Nrf2(−/−) mice displayed aggravation of ethanol-induced liver injury, 
increased oxidative stress, infl ammation and necrosis, and fi nally a dramatically 
increased mortality. Indeed, acute ethanol treatment induces the expression of sev-
eral antioxidant and anti-infl ammatory enzymes in the liver tissue in a Nrf2- 
dependent manner [ 112 ], suggesting the existence of an early compensatory or 
adaptive mechanism of Nrf2 signalling to suppress ethanol-induced oxidative injury 
and infl ammation in liver tissue. In keeping with a central role of Nrf2 in the patho-
physiology of liver oxidative stress, it has been found that overexpression of 
CYP2E1 induces an increase in Nrf2 level and the activation of Nrf2-dependent 
antioxidants response attenuates CYP2E1-mediated oxidative hepatic injury [ 69 ].   

1.4     Redox-Sensitive Targets in Proteins 

 Several oxidative modifi cations of amino acids have been associated to oxidative 
damage of proteins and their targeting to degradation. These include formation of 
dityrosines, carbonylation of lysine, arginine, proline or threonine, or the racemization 
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of lysine, arginine, or aspartate [ 71 ]. The recent discovery of de-carbonylation 
 enzymatic activity, occurring via TRXes, supports the idea that carbonylation may 
also serve as a signalling trick, at least for pulmonary artery smooth muscle cells 
growth [ 212 ]. 

 Hundreds of reports concentrate on sulfur-containing amino acids, such as cyste-
ine and methionine, the main role as signalling devices for protein function regula-
tion. Oxidation of methionines by  • O 2  – , H 2 O 2 , peroxynitrite (ONOO − ), or  • OH leads 
to methionine-sulfoxide and is rescued by methionine sulfoxide reductase, which use 
TRX as intermediate [ 113 ]. Oxidation of methionine to methionine sulfoxide, likely 
for substitution with charged aminoacids, results in tertiary structure perturbation, as 
well as charge-dependent protein–protein interactions. Methionine oxidation occurs 
due to intracellular oxidative stress and proceeds further to methionine sulfone. 
To date, the signalling role of methionine oxidation in physiological and pathological 
contexts is not fully understood and is likely currently underestimated [ 113 ]. 

 Growing evidence indicates that cysteine thiol groups act as redox-sensitive 
switches, thereby providing a common trigger for a wide range of ROS-mediated 
signalling events. The p K  a  of individual cysteines at a physiological pH dictates if the 
residue is likely to exist as a thiol or more reactive thiolate anion (S − ) [ 30 ,  163 ,  166 ]. 
For this reason, low p K  a  cysteines are more vulnerable to oxidation than those with a 
p K  a  value closer to the surrounding pH, which remain unreactive. Oxidation of low 
p K  a  cysteines forms reactive sulfenic acid that can form disulfi de bonds with other 
near cysteines or undergo further oxidation (sulfi nic or sulfonic acid) [ 29 ,  166 ] 
(e.g., 5.1–5.6 for cysteine residues of PTPs). Local perturbations in pH can affect the 
reactivity of cysteine residues, rendering proteins more or less vulnerable to undergo 
oxidation and conferring a spatially defi ned oxidation of redox-sensitive proteins 
within discrete subcellular locations. In case of presence of close nitrogen residues, 
the sulfenic acid may react to form a sulfenamide. Noteworthy, Sanchez et al. deter-
mined an algorithm to identify reversibly oxidized cysteine, using the Cysteine 
Oxidation Prediction Algorithm, which classifi es cysteines on the basis of three 
parameters critical for prediction of thiol oxidation susceptibility, i.e., the distance to 
the nearest cysteine sulfur atom, accessibility to the solvent, and of course cysteine 
p K  a  [ 170 ]. 

 Glutathionylation of proteins, which occurs through the formation of a mixed 
disulphide between one cysteine of glutathione and one cysteine of the other pro-
tein, constitutes an effi cient mechanism to protect proteins from irreversible modi-
fi cations and also seems to play an important role in cell signaling [ 67 ]. Cysteines 
that are  S -glutathionylated to prevent hyperoxidation are likely to be crucial to the 
stability or activity of the redox-sensing protein, while this modifi cation may also 
lead to transient enzyme inactivation. S-glutathionylation, which has been recently 
reviewed elsewhere [ 67 ], has been reported for several proteins as β-actin, protein 
kinase C, and cAMP-dependent protein kinase. 

 All these oxidative modifi cations of cysteines always result in structural or func-
tional changes of the redox-sensing protein [ 163 ], although protein oxidation can be 
reversed by thiol donors such as glutathione, GRX, PRX, and TRX (see later). 
Reversible cysteine oxidation plays a pivotal role in redox-signaling cascades, and 
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the main molecular targets are PTPs or lipid phosphatases, proteases, enzymes, 
 signaling adaptors, and transcription factors (TFs). The effect of cysteine oxidation 
varies among redox-regulated proteins, from enzymatic inactivation, as for PTPs, 
several enzymes involved in metabolism and some TFs, to enzymatic activation, as 
for receptors or cytosolic protein tyrosine kinases (PTKs), small GTPases, and a 
small group of TFs. Cysteine oxidation of proteases may be either inhibitory, as for 
the caspase family [ 132 ], or activatory, as for matrix metalloproteases (MMPs), 
through the disruption of the inhibitory interaction between the pro-domain and the 
catalytic site [ 76 ]. Reversible cysteine oxidation of TFs disturbs DNA binding and 
transcriptional activity of several nuclear factors [ 126 ,  215 ]. 

 Last, cysteine oxidation of signaling proteins can also modulate signal transduc-
tion by interrupting protein–protein interactions. One example of this kind of regu-
lation is the nuclear translocation of Nrf2 following disruption of its interaction with 
the adaptor Keap1, containing two reactive cysteines, and allowing the activation of 
Nrf2 antioxidant response [ 44 ,  126 ]. 

 Cysteine oxidation via attachment of a nitrogen monoxide group, extensively 
reviewed in [ 92 ], contributes to intracellular signal transduction by functionally 
affecting several proteins. This modifi cation, resulting in S-nitrosylation, has been 
reported for the activation of Src kinase, the inactivation of epidermal growth factor 
receptor (EGFR), of Jun-N-terminal kinase-1, and apoptosis signal-regulated 
kinase-1. All of these proteins are also sensitive to hydrogen peroxide oxidation, 
often via the same sensitive cysteines. An “acid–base” motif, assumed to specify 
S-nitrosylation-susceptible sites on proteins, facilitates local decrease of cysteine 
p K  a  through vicinity of charged amino acids. S-nitrosylation of cysteines functions 
as the “primary effector” and could facilitate further evolution to hydrogen peroxide 
sensing and sulphenic acid formation, as observed in the ryanodine receptor/Ca 2+  
channel. The role of S-nitrosylation as a priming mechanism for other signalling 
kinases remains to be elucidated. 

 Beside cysteine oxidation, ferrous iron-containing proteins may also be targeted 
by ROS, through oxidation of ferrous to ferric iron and the consequent disruption of 
protein function. Proteins that sense redox signaling through this mechanism mainly 
belong to 2-oxoglutarate (2OG) dioxygenase family. These are ubiquitous 
2OG-dependent oxygenases that couple substrate oxidation to the conversion of 
2OG to succinate and carbon dioxide and their role includes collagen biosynthesis, 
DNA repair, chromatin modifi cations, and hypoxic sensing [ 25 ,  133 ]. Among this 
group of enzymes, prolyl hydroxylases (PHDs) and JmjC histone demethylases 
have been reported to play important signalling roles [ 93 ,  137 ,  174 ]. 

1.4.1     Spatial Regulation of Redox Signals 

 Redox signalling is at least in part facilitated by the discrete subcellular compart-
mentalization of ROS production, the restricted availability of NOX-activating/
regulatory subunits, control at an expressional level of LOXes and COXes [ 193 ]. 
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Scavenging and neutralizing enzymes such as Cu/Zn SODs, GPX, and PRXes, 
which prevent the escape or accumulation of ROS to toxic levels, may also be com-
partmentalized in the cytosol or the mitochondria, while the reticular environment 
is always maintained pro-oxidant [ 168 ]. Indeed, proteins regularly undergo oxida-
tive processing as part of their maturation within the endoplasmic reticulum, result-
ing in disulfi de bond formation. Noteworthy, reticular proteins, such as PTP1B, 
could be regulated by NOX enzymes targeted to the reticulum for signalling pur-
poses [ 28 ]. 

 Since several decades scientists assumed hydrogen peroxide to permeate bio-
logical membranes by simple diffusion, although recent evidence challenged this 
notion and disclosed the role of aquaporin water channels (AQP) in mediating 
hydrogen peroxide transport across plasma/mitochondrial membranes. Decisive 
studies have shown that specifi c AQP isoforms are capable of funnelling hydrogen 
peroxide across the plasma membrane in yeast, plant cells, smooth muscle cells, or 
in human tumour cells [ 14 ]. AQP1 and AQ8 appear to mediate the main role, at least 
for human cells, as it is able to modulate hydrogen peroxide transport through the 
plasma membrane, but also to affect downstream redox signalling linked to leukae-
mia cell proliferation [ 203 ]. 

 Local redox regulation is also controlled through co-localization of ROS- 
producing enzymes and the protein target to distinct separated intracellular com-
partments. The main role for this aspect is played by mitochondria, showing several 
ROS internal or external delivery systems, and NOXes. Mitochondria can deliver 
ROS in the mitosol, thereby affecting mitochondria proteins, through deregulation 
of complex I and IV of the electron transfer chain. On the contrary, deregulation of 
complex III Rieske Fe–S protein, due to its membrane facing, causes a delivery of 
ROS in the intramembrane space, which fi nally results in cytosolic oxidative signal-
ling [ 25 ]. NOXes localization to endosomes, podosomes, lipid rafts, and caveolae 
has also been reported and correlated to specifi c targeting of oxidants to affect pre-
cise subcellular signalling [ 198 ]. 

 Finally, regulation of PRXes via phosphorylation by c-Src kinase in response to 
GF extracellular signals allows the local accumulation of hydrogen peroxide within the 
receptors, inactivation of PTPs, and thereby enables its messenger function [ 168 ].  

1.4.2     Redox-Sensing Proteins 

 Proteins that are able to sense redox signals includes PTPs and kinases, structural 
components of cytoskeleton, or proteins regulating cytoskeleton dynamics, TFs, as 
well as enzymes involved in cell growth, nutrient sensing, and metabolic homeosta-
sis. Here we shortly summarize some of the key molecules exploiting redox-based 
regulation. 

  Protein tyrosine phosphatases . PTPs are a huge group of hydrolases, encoded by 
about 100 different genes. They regulate the tyrosine phosphorylation of several 
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signaling proteins and exert complex functions in cell proliferation, adhesion, sur-
vival, and motility. Although members of the PTP family differ in their intrinsic 
susceptibility to oxidation, they invariably contain a catalytic Cys residue confer-
ring redox sensitivity to various oxidant species, such as H 2 O 2 , superoxide, or nitric 
oxide [ 31 ]. In vivo the reversibility of PTP inactivation is mediated by formation of 
a mixed disulfi de with glutathione, an intramolecular S–S bridge among cysteines, 
or a sulphenyl–amide intermediate [ 31 ,  166 ]. PTPs mainly undergo redox- dependent 
inactivation in cells in response to growth factors signalling, thereby allowing the 
endurance of receptor tyrosine kinases (RTKs) intracellular signalling due to their 
transient inability to dephosphorylate and inactivate the RTKs. Hence, PTP redox- 
mediated inactivation is the basis for RTK tyrosine phosphorylation and the revers-
ibility of PTP inactivation, through their re-reduction to basal state by peroxiredoxins/
glutaredoxins, is a switch off mechanism granting for RTK signalling effi cient ter-
mination. Redox-regulated PTPs include PTP1B, LMW-PTP, PTEN, SHP2, and 
many others, able to regulate RTKs as EGFR, PDGFR, fi broblast growth factor 
receptor, hepatocyte growth factor receptor, Ephrin receptor, etc. Several of these 
PTPs behave as regulators of cytoskeleton dynamics during cell motility, adhesion, 
and proliferation and their regulation via redox-based mechanisms plays a manda-
tory role in such context. 

 The lipid phosphatidyl-inositol (PI) 3-phosphatase and tensin homolog (PTEN), 
functioning on cell survival, adhesion, and motility through its downstream kinase 
Akt, is a key redox-sensing protein [ 117 ]. PTEN is sensitive to rapid inactivation by 
hydrogen peroxide or by  S -nitrosothiols, forming a stable intramolecular disulfi de 
bond between the active site Cys124 and the proximal Cys71 [ 108 ]. PTEN 
 redox- mediated inhibition leads to inability to contrast PI3-kinase and hence helps 
in sustaining Akt activation, acknowledged to favour proliferation, adhesion, and 
survival to stresses. Inactivation of PTEN is rescued by TRX-interacting protein or 
PRX I, both acting through reduction of the PTEN disulphide [ 22 ]. PTEN under-
goes oxidation in response to growth factors stimulation, correlating with ROS-
dependent activation of downstream Akt phosphorylation [ 118 ]. Although PTEN 
has been acknowledged as a human tumour suppressor gene, deleted in several can-
cers, for the moment PTEN oxidation has been implicated in the development of 
T-cell acute lymphoblastic leukemia, as well as in the multi-organ tumourigenesis 
in mice lacking peroxirexoxin-1 [ 22 ,  180 ]. 

 Redox control of Src homology-2 domain-containing phosphatase 2 (SHP-2), a 
key regulator in signalling pathways mediated by several growth factors and cyto-
kines, has also been correlated with adhesion and motility [ 16 ,  188 ]. Upon integrin 
receptor engagement by matrix proteins, SHP-2 undergoes a reversible oxidization/
inactivation to which mitochondrial and 5-LOX-derived ROS contribute differen-
tially. Reversible oxidation/inhibition of SHP-2 prevents the dephosphorylation/
inactivation of its substrate p125 focal adhesion kinase, thereby enabling the contin-
ued propagation of signals arising by integrin engagement. SPH-2 has also been 
found oxidized in response to hypoxia, which is a common feature of several 
aggressive cancers [ 171 ,  192 ]. 
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 Low molecular weight PTP (LMW-PTP) undergoes redox regulation during 
PDGFR signalling, due to oxidation of its catalytic Cys12 and Cys17, thereby main-
taining receptor activation through tyrosine phosphorylation and allowing signal 
transduction [ 33 ]. Its oxidation plays a compulsory role during anchorage to matrix 
and cell motility, due to control of de-phosphorylation of FAK [ 34 ] and p190RhoGAP 
during integrin signaling. By this way, LMW-PTP oxidation is involved in the 
antagonistic crosstalk between Rac-1 and RhoA small GTPases [ 31 ,  32 ], a crucial 
event for cellular dynamics, the former promoting membrane protrusion, cell polar-
ity, and spreading, the second cytoplasm contractility and tail retraction [ 49 ]. During 
polarized motility, also called mesenchymal motility, Rac-1-driven ROS, by inacti-
vating LMW-PTP, causes hyper-phosphorylation of the PTP substrate p190Rho- 
GTPase Activating Protein (GAP), thereby increasing its inhibitory activity on 
RhoA [ 32 ]. On the contrary, during non-polarized/amoeboid motility, there is a 
reduction of Rac-1 activity owing to attenuated generation of ROS, causing LMW- 
PTP activation, p190RhoGAP de-phosphorylation, and to an increase of Rho sig-
naling [ 19 ]. Hence, redox regulation of this PTP plays a central role in the decision of 
the most useful motility style to be used for moving cells, driving towards polarized 
or amoeboid motility. 

  β - Actin . The movement of cells during processes as embryogenesis and organo-
genesis, vasculogenesis/angiogenesis, or tumour metastasis is driven by polymer-
ization of β-actin monomers at the leading edge of the moving cells, an event that is 
again under redox control. A proteomic screen for cysteine glutathionylated pro-
teins in cells exposed to oxidants identifi ed several cytoskeleton components (actin, 
vimentin, myosin, tropomyosin, cofi lin, profi lin) as targets of these oxidants [ 57 ]. 
Hydrogen peroxide produced by LOXes upon integrins ligation due to ECM contact 
has been involved in in vivo β-actin redox regulation. Actin oxidation takes place 
via the formation of a mixed disulfi de between cysteine 374 and reduced glutathione, 
allowing the formation of stress fi bres and consequently cell spreading [ 52 ,  53 ]. 
β-Actin oxidation through glutathionylation causes the disassembly of the actino-
myosin complex, with severe implications for cell contractility and movement, thus 
exerting a crucial effect on assembly/disassembly dynamics of the contractile 
machinery [ 51 ,  53 ]. 

  Src family kinases . Src-family kinases are critically involved in the control of cyto-
skeleton organization and in the generation of integrin-dependent signaling 
responses, inducing tyrosine phosphorylation of numerous signaling and cytoskel-
etal proteins. Beside the phosphorylation circuitry involving Tyr416 and Tyr527 of 
c-Src kinase, cysteine oxidation has been recently reported as a further mechanism 
of enzyme activation. Beside in vitro evidence on mercuric chloride and NO-releasing 
agents [ 1 ,  138 ], a redox regulation of Src kinase via oxidation has also been reported 
during anchorage-dependent growth of tumour cells [ 63 ]. Indeed, the kinase under-
goes oxidation/activation in response to the formation of an S–S bond between 
Cys245 and Cys487, respectively located in the SH2 and in the kinase domain of the 
Src molecule [ 63 ]. Mounting evidence describes Src activation via redox regulation 
as a key outcome in several circumstances, including growth factor and cytokines 
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signaling, integrin-mediated cell adhesion and motility, membrane receptor cross- 
talk as well as in cell transformation and tumour progression [ 29 ,  65 ]. Src oxidation 
has also been involved in survival to hypoxia owing to mitochondrial delivery of 
ROS and regulation of NF-κB transcription factor [ 127 ]. Activation via oxidation is 
mandatory also for the oncoproteins v-Src and SrcY527F, which are oxidized by 
exogenous oxidative bursts or during anchorage-independent cell growth, greatly 
affecting solid tumour formation [ 63 ]. In keeping with this, v-Src oncogenic poten-
tial is reduced by curcumin, a powerful dietetic antioxidant [ 120 ]. 

 Src oxidation has also been reported for molecular cross-talk between membrane 
receptors, as RTKs, integrin receptors, and G-protein coupled receptors [ 29 ,  65 , 
 127 ,  161 ]. This redox-based activation of Src leads to ligand-independent activation 
of receptors via intracellular cross-talk, thereby sustaining proliferation, survival, 
and cell adhesion in several circumstances, including cancer malignancy [ 62 ,  64 ]. 

 Another member of the family kinase, Lyn, has been identifi ed as a redox sensor 
that neutrophils use to reach the unhealed wound [ 219 ]. Lyn activation in neutro-
phils is dependent on wound-derived oxidants after tissue injury and Cys466 is 
responsible for a direct oxidation/activation of Lyn, inducing intramolecular confor-
mational changes [ 117 ]. By this way, after sensing an initial tissue injury, wound 
signals can lead to tissue regeneration. The same authors recently included Fynb, 
another member of the Src family kinase, in redox-dependent wound repair [ 218 ]. 
Hence, ROS generated at wounds play a dual role, allowing fi rstly the oxidation/
activation of Lyn in the recruited neutrophils and thereafter the redox-mediated 
Fynb activation and calcium signaling in epithelia, cooperating as integrated “wound 
signals” that rapidly initiate a regenerative response. 

  Receptor tyrosine kinases . Oxidants can also modulate the activity of protein kinases 
and, among these, PTKs. In agreement with their opposing role to PTPs in the 
modulation of protein tyrosine phosphorylation, PTKs are activated by oxidation. 
However, activation of PTKs appears to be essentially due to two mechanisms. 
First, similar to what happens for PTPs, cysteine oxidation may occur, leading to 
direct kinase activity enhancement. Second, as PTKs themselves are frequently 
tyrosine phosphorylated proteins and their activity is increased due to phosphoryla-
tion, most likely the concomitant inhibition of PTPs indirectly leads to sustained 
activation of PTKs. Herein we will focus on RTKs as prototypical membrane 
kinases and on Src family kinases as cytosolic kinases (see below). 

 A direct oxidation of RTK cysteines has been reported for insulin receptor 
kinase (IRK), epidermal and platelet-derived growth factor receptors (respectively 
EGFR, PDGFR), and Ret kinase. Insulin sensitivity requires a process of “redox 
priming” of the β-subunit of IRK, due to oxidation of any of the four cysteine resi-
dues 1,056, 1,138, 1,234, and 1,245 into sulphenic acid [ 172 ]. This “redox priming” 
of the IRK facilitates its autophosphorylation in the activation loop, producing 
activatory structural changes. 

 The c-RET proto-oncogene encodes a cadherin-like domain receptor-type 
 tyrosine kinase, and its mutations in the germ line are responsible for the inheritance 
of multiple endocrine neoplasia type 2A and2B (MEN2A/B) [ 104 ]. UV-mediated 
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production of ROS of cells expressing c-Ret results in the dimerization of c-Ret, 
mediated by the formation of a disulphide between the cystein residues of neigh-
bouring monomers [ 104 ]. This results in c-Ret strong activation in response to ROS 
and contributes to the oncogenic potential of c-Ret as UV light irradiation induces 
superactivation of the constitutively activated Ret-MEN2A and Ret-MEN2B. 

 Finally, nitration of Tyr residues in PDGFR has been reported in mild oxidant- 
treated cells, leading to Src kinase-dependent activation of MAPK and Akt [ 114 ]. 
The direct redox sensitivity of PDGF-R has also been suggested by the ability of 
 N -ethylmaleimide, which selectively alkylates free thiol groups of cysteine resi-
dues, to inhibit PDGFR-β kinase activity. Two reactive cysteines have been identi-
fi ed so far, Cys822, positioned in the catalytic loop, and Cys940, located in the 
C-terminal kinase subdomain. Mutation of these residues signifi cantly reduces 
PDGFR autophosphorylation and downstream signalling, thereby confi rming a key 
role of direct oxidation in this RTKs [ 114 ]. 

 Besides their function as downstream modulators of RTK signalling, ROS act as 
upstream mandatory activators in RTK  trans -activation, leading to a ligand- 
independent signalling. RTK ligand-independent  trans -activation is redox- 
dependent in three circumstances: (1) during exogenous oxidant delivery by 
lymphocytes, macrophages, or upon treatment with ROS-producing agents as alkyl-
ating molecules, UV, and heavy metals; (2) during the integration of cross-talking 
signals elicited by G-Protein-Coupled Receptors (GPCRs) or integrins and several 
RTKs, mainly mediated by Src kinase redox regulation; (3) during PTP oxidation/
inhibition allowing signal transduction (see above). 

 Cysteine modifi cation in the PTP catalytic site has been proposed for both UV- 
and alkylating agents-induced RTK  trans -activation [ 72 ], corroborating the key role 
for PTP redox regulation in the control of RTK tyrosine phosphorylation, even in the 
absence of the natural ligand. Furthermore, in both phagocytes and  lymphocytes, as 
well as in several cardiovascular diseases, NOXes generate oxidants involved in host 
defence or infl ammation, resulting in pro-oxidant conditions for bystander cells. 
These pro-oxidant backgrounds can cause a redox regulation of RTKs (through PTP 
inhibition) in neighbouring cells during infl ammation. If hold true, this redox-based 
cross-talk would account for signaling during the infl ammatory reaction or cardio-
vascular diseases with important pathophysiological and therapeutic implications. 
In keeping with this, ROS generated from hyperglycemia promoted ligand-indepen-
dent phosphorylation of vascular endothelial growth factor receptor 2 (VEGFR2). 
Hyperglycemia-induced phosphorylation of VEGFR2 did not require intrinsic recep-
tor kinase activity and was instead mediated by Src family kinases [ 210 ]. 

 Activation of different membrane receptors, belonging to the G-protein-coupled 
or tyrosine kinase subclasses, is able to activate in  trans  several RTKs via redox- 
based mechanisms. Indeed, GPCRs, RTKs, and integrin receptors are all able to 
increase generation of H 2 O 2  [ 166 ]. Intracellular redox signalling, either acting via 
PTP inhibition or via Src activation, leads to ligand-independent RTKs  trans - 
activation  [ 31 ]. In addition, adhesion molecules are able to associate with RTKs and 
trigger their ligand-independent activation [ 140 ]. This complex interaction is 
believed to be a key step of protection from  anoikis  of anchorage-dependent cells, 
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mainly acting through a Src-mediated ligand-independent (integrin-dependent) 
EGFR  trans -phosphorylation [ 64 ,  140 ]. Moreover, hydrogen peroxide signalling 
has also been implicated as a key molecule leading to ligand-independent RTK 
activation in “lateral propagation” of EGF signalling waves [ 165 ]. 

  PKM2 . Pyruvate kinase (PK) is the fi nal enzyme in glycolysis, converting phospho-
enolpyruvate to pyruvate with the production of ATP and it is the prototype of meta-
bolic enzymes regulated via redox modifi cations. Glicolytic fl ux in cancer cells is 
greatly determined by expression, in virtually every cancer cell type so far analysed, 
of the isoform M2 of PK (PKM2) [ 36 ]. Contrariwise to its splice variant PKM1, 
expressed in several adult and/or non-proliferating tissues, PKM2 is susceptible to 
inhibitory post-translation cues, including tyrosine phosphorylation in response to 
growth factor signalling, lysine acetylation in response to high glucose environ-
ment, or cysteine oxidation in response to oxidative stress/signalling [ 3 ,  129 ,  209 ]. 
Cys358 oxidation leads to inhibition of PKM2, thereby allowing proliferating cells 
to divert glucose from the glycolytic pathway, causing accumulation of glycolytic 
intermediates which fuel other metabolic pathways, as penthose phosphate pathway 
(PPP) or serine synthesis [ 3 ]. PPP is acknowledged to convert glucose into pen-
thoses or glycolysis intermediates, mandatory molecules for anabolism of aminoac-
ids and nucleotides, and to produce NADPH, the mandatory molecule of cellular 
reducing activity, driving re-reduction of intracellular glutathione. The concerted 
inhibition of glycolysis and activation of PPP leads to increased anabolism, allows 
growing cells to meet the increased biosynthetic demands ofproliferation, and 
allows cells to defend themselves from oxidative insults detoxifying ROS [ 200 ,  201 ]. 
Oxidation of PKM2 has also been observed in hypoxic conditions, known to 
increase Warburg-like glycolytic metabolism and to signal through ROS delivery by 
mitochondria or cytosolic NADPH oxidase [ 3 ]. Noteworthy, treatment with reduc-
ing agents restored PKM2 activity, confi rming that PKM2 undergoes a reversible 
redox regulation in proliferating cells due to oxidative stress. 

 The adaptation of proliferating cells to increase resistance to oxidants, following 
oxidative block of PKM2, is due to accumulation of its substrate phosphoenol- 
pyruvate, acting as a feedback inhibitor of the glycolytic enzyme triosephosphate 
isomerase. This latter enzyme is directly responsible for the stimulation of PPP, 
leading to increased antioxidant metabolism and to a general reconfi guration of 
central carbon metabolism, helpful in stressing conditions [ 75 ]. Indeed, this kind of 
metabolism, commonly referred as Warburg metabolism, is implicated in resistance 
of cancer cells to therapeutic drugs [ 110 ,  169 ]. Beside the role of ataxia teleangiec-
tasia mutated protein in the regulation of PPP (see below), PPP can be engaged in 
cancer cells either following p53-defi ciency or hypoxia exposure, due to interaction 
between PKM2 and CD44, an acknowledged cancer stem cells marker. CD44 
 ablation resulted in depletion of reduced glutathione, increase in oxidative stress, 
and enhancement of the effect of chemotherapeutic drugs [ 190 ]. 

  GAPDH . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) oxidoreductases 
are known for their involvement in glycolysis. The catalytic mechanism involves 
Cys-152, resulting in the formation of a catalytic hemiacetal, undergoing oxidation 
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in vivo [ 20 ]. S-nitrosylation and mixed disulfi de formation represents a target for 
nitrosative stress due to NO •  or to peroxinitrite, or for subsequent post- translational 
modifi cation with NAD + , leading to enzyme inactivation and culminating in non-
enzymatic ADP-ribosylation [ 70 ,  98 ]. Oxidative inactivation of GAPDH is able to 
regulate glucose balance towards glycolysis or PPP. Indeed, hydrogen peroxide 
exposure inactivates GAPDH, blocking glycolysis and redirecting glucose fl ux into 
the oxidant-resistant PPP [ 74 ,  110 ,  162 ]. Then, glycolysis could be re- established by 
re-reduction due to NADPH increase. Nevertheless, the balance between glycolysis 
and PPP is maintained in favour of the latter by further PKM2 inhibition, sensitive 
to oxidants but also to tyrosine phosphorylation and acetylation [ 3 ,  129 ,  209 ]. 
These circumstances are helpful in allowing cells to resist stressful environments. 

  AMP - kinase . AMP kinase (AMPK) is the main energy-responsive enzyme. It is 
sensitive to increased AMP/ATP ratio, thereby allowing cells to respond to nutrient 
deprivation signals. AMPK also senses redox signals, as it has been reported to 
respond to pro-oxidative or nitrosative conditions, thus enhancing cell survival via 
autophagy in response to nutrient starvation [ 158 ]. In this way, AMPK behaves as a 
fl exible molecular effector for integrating metabolic and oxidative cues. 

 Several environmental conditions characterized by oxidative stress, as block of 
mitochondrial ETC, reduced nutrient availability, or hypoxia, and enhanced AMPK 
activity via redox modifi cations [ 85 ]. Mild hypoxia causes accumulation of ROS, 
mainly of mitochondrial origin, and leads to a ROS-dependent activation of AMPK, 
also in the absence of the classical changes in the adenylate pool [ 46 ]. Redox regu-
lation of AMPK after exposure to hydrogen peroxide results in the oxidation of 
Cys299 and Cys304 of the α- and β-subunits of AMPK, leading to enhancement of 
its kinase activity by inducing an allosteric rearrangement of the AMPK αβγ hetero-
trimer [ 221 ]. In parallel to hydrogen peroxide, NO and peroxynitrite have been 
implicated in AMPK activation. Although not yet confi rmed, it is conceivable that 
an increase in RNS can promote S-nitrosylation of reactive Cys299 and Cys304 of 
AMPK [ 23 ]. 

 AMPK activation by ROS can promote cell survival by inducing autophagy, 
mitochondrial biogenesis, and expression of genes involved in antioxidant defence 
(reviewed in [ 179 ]). Data on redox regulation of AMPK during cancer progression 
are still incomplete, although some recent results support this idea. Indeed, new 
evidence shows that autophagy activation by AMPK, a process for which its redox 
sensitivity may play a key role, enables long-term survival for cancer cells during 
hypoxia or ischemia. Moreover, AMPK-mediated autophagy also enhances the 
resistance of cancer cells to chemotherapeutic agents or kaempferol, a redox active 
compound causing metabolic oxidative stress [ 54 ,  86 ]. On the other hand, AMPK 
inhibition in the liver by ethanol plays a key role in the development of steatosis 
induced by chronic alcohol consumption, thereby suggesting AMPK as a possible 
therapeutic target in alcohol-induced liver diseases. 

  ATM . Ataxia-telangiectasia mutated (ATM) is a serine/threonine protein kinase 
activated under genotoxic or oxidative stress conditions. It phosphorylates several 
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proteins involved in cell proliferation, cell survival, and DNA repair [ 94 ,  177 ]. 
ATM responds to ROS through oxidation at specifi c cysteines leading to ATM 
dimerization and activation, fi nally leading to phosphorylation of downstream sig-
naling proteins, such as p53, checkpoint kinase 2, or H2AX [ 149 ,  177 ]. Cys2991 is 
critical for ATM dimerization through disulfi de bond formation, as its mutation 
results in insensitivity of ATM to oxidative insults [ 78 ]. ATM, behaving as a func-
tional sensor of cellular redox homeostasis through regulation of the rate-limiting 
enzyme glucose- 6-phosphate dehydrogenase, stimulates PPP [ 73 ,  100 ], providing 
NADPH for both detoxifi cation or re-reduction of oxidized molecules, as well as 
ribose for nucleotide synthesis required for DNA repair [ 40 ]. Noteworthy, p53 acts 
by opposing this function of ATM behaving as a post-transcriptional inhibitor of 
glucose-6- phosphate dehydrogenase, blocking its dimerization/activation [ 100 ]. 

 ATM-driven regulation of NADPH synthesis has also been correlated with 
Warburg metabolism, leading to re-route central carbon metabolism towards PPP 
upon oxidative stress. This correlation plays a key role in several diseases linked to 
oxidative stress, as tumour progression and resistance to immune-, radiation-, and 
chemo-therapy [ 74 ]. Indeed, we should consider that chemotherapeutic drugs often 
show both the ability to cause oxidative stress and DNA double strands breaks. In 
keeping with this idea, increased activity of glucose-6-phosphate dehydrogenase is 
mandatory to some multi-drug-resistant cancer cells to increase NADPH and GSH 
content, necessary to safely handle oxidative stress and to extrude anticancer drugs 
from the cell [ 159 ]. 

  ASK1 . Apoptosis signal-regulating kinase 1 (ASK1) is a member of MAP kinase 
kinase kinase family. It activates JNK and p38 mitogen-activated protein kinases in 
response to oxidative stress and endoplasmic reticulum stress. ASK1 undergoes 
both direct and indirect redox-regulation. The oxidation of TRX-1 causes its dis-
sociation from the kinase, facilitating the direct oxidation of ASK1 and triggering 
the formation of a multimeric kinase through disulfi de bonds [ 195 ]. The ASK1 
 oligomer stabilization through covalent disulfi de linkages is required for activation 
of the JNK pathway and to signal apoptotic cues. Upon removal of oxidative stress, 
rescued TRX1 directly reduces the oxidized ASK1 and switches off the kinase 
signal [ 143 ]. 

  The MAPK pathway . The mitogen-activated protein kinase (MAPK) pathway has 
been reported to be redox-sensitive both through the oxidative inactivation of its 
regulatory phosphatases and direct oxidation of the kinases [ 115 ]. Oxidation of 
p44MAPK occurs at low hydrogen peroxide concentrations (0.1 μm) and drives 
activation of the kinase and its nuclear translocation [ 39 ,  115 ]. The same cysteine 
residues of the kinase are apparently insensitive to oxidation in presence of toxic 
doses of hydrogen peroxide (up to 10 μm). These doses of oxidants are compatible 
with apoptotic signals and engage JNK/p38 activation and cell-cycle arrest pro-
gramme. This differential sensitivity to oxidant concentrations for different pro-
teins, even among enzymes of the same family, helps in acknowledging hydrogen 
peroxide as a versatile messenger.  
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1.4.3     Redox-Sensing Transcription Factors 

 The activity of TFs is modulated by redox cascades either in a direct or indirect 
fashion, i.e., through the regulation of their phosphorylation, acetylation, hydroxyl-
ation. Among the overabundance of redox-sensitive TFs, we will mainly focus on 
NF-κB, Nrf2, forkhead box class-O (FoxO), p53, and HIFs. 

  NF - κB . NF-κB was the fi rst transcription factor that has been recognized to be sensi-
tive to redox signals [ 185 ]. Although NF-κB has been originally involved in the 
infl ammatory response, more recently this TF has been involved in several steps of 
tumour progression, as the activation of cancer-associated macrophages and their 
polarization towards M2 phenotype, reactivity of cancer-associated fi broblasts, the 
recruitment of endothelial precursor cells to instruct de novo angiogenesis and vascu-
logenesis, as well as in the motogenic epigenetic transcriptional programs of meta-
static cancer cells, leading these tumour cells to enhance their motility through 
epithelial mesenchymal transcription and their stem-cell traits. All these events, for 
which NF-κB activation is mandatory, concur to successful metastatic dissemination 
of tumour cells [ 47 ,  68 ,  214 ]. NF-κB forms homo- or heterodimers composed by Rel 
or NF-κB subfamily members, which interact with the inhibitory proteins IκBs, 
preventing its nuclear translocation and DNA binding in the absence of proinfl amma-
tory stimuli. Activation of NF-κB leads to phosphorylation of IκBs by IκB- kinase 
(IKK complex), rapidly leading to proteosomal degradation of IκBs. Free NF-κB is 
allowed to migrate into the nucleus and activate transcription of target genes. 

 Redox regulation of NF-κB embraces both cytoplasmic and nuclear steps in 
NF-κB activation, including degradation of its inhibitor IκBα, regulation of DNA- 
binding ability, and transcriptional activity, as well as chromatin remodelling [ 68 , 
 101 ]. Hydrogen peroxide directly targets NEMO, an essential regulator of the IKK 
complex, causing formation of NEMO dimers through disulfi de bonds between 
Cys54 and Cys347. Dimerization of NEMO causes inhibition of IKK complex and 
culminates in NF-κB activation [ 91 ]. Moreover, tyrosine phosphorylation of IκB-α 
is under indirect redox control. Indeed, exposure to hypoxia of cancer cells, a very 
common feature of cancer microenvironment characterized by mitochondrial deliv-
ery of ROS due to incomplete oxygen reduction [ 25 ], leads to IκB-α phosphoryla-
tion by oxidized/activated c-Src kinase [ 127 ]. The activation of NF-κB through 
c-Src-mediated phosphorylation promotes liver carcinogenesis favouring cell sur-
vival and tumour progression. H 2 O 2  similarly inhibits the nuclear import of IκB-α, 
thereby facilitating its proteasome degradation, and concurring to keep NF-κB in 
the nucleus [ 68 ]. NF-κB is also sensitive to oxidation of Cys62 in its p50 subunit, 
essential for DNA binding [ 134 ]. Once in the nucleus, Cys62 of p50 needs to be 
re-reduced by Ref-1 to enable NF-κB transactivation of the DNA [ 157 ]. 

  FoxOs . The FoxOs family of TFs is involved in crucial cellular process including 
cell cycle regulation, apoptosis, resistance to oxidative stress, cancer progression, 
and metastatic spread [ 42 ,  205 ]. Oxidative stress-mediated activation of FoxOs was 
shown to regulate a variety of genes, including genes that promote cell motility as 
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MMPs, stress resistance proteins as SOD and PRXes, stemness, and self renewal 
regulators as p27 or p21 cyclin inhibitors [ 142 ]. 

 As usual for redox control, indirect redox regulation of FoxOs is mainly medi-
ated by the control of their phosphorylation. Generally, an increase in intracellular 
ROS facilitates the localization of FoxOs to the nucleus where they are transcrip-
tionally active [ 48 ]. Indeed, an increase in intracellular reactive ROS induces the 
activation of the c-Jun-N-terminal kinase, a key regulator of FoxO4. FoxO3a 
and FoxO1 are targeted by mammalian sterile 20-like kinase signaling [ 48 ,  116 ]. 
Of note, redox-dependent phosphorylation of FoxO can also produce opposite 
effects, as reported for Akt-mediated phosphorylation of the TF. FoxOs are directly 
phosphorylated by Akt on three conserved residues, leading to its nuclear export, 
cytoplasmic retention, and inhibition of transcriptional activity by FoxOs [ 42 ]. 
ROS can also act on this pathway through PTEN inactivation (see above), leading 
to Akt activation, FoxO phosphorylation, and nuclear exclusion of the factor [ 18 ]. 
However, several other post-translational modifi cations are needed to exert the full 
spectrum of FoxO-mediated responses to ROS, including acetylation and monou-
biquitination [ 150 ]. 

 FoxO activity can also be regulated via direct oxidation. Following hydrogen 
peroxide treatment or mitochondrial ROS production due to glucose deprivation, 
cysteines within FoxO4 undergo oxidation and disulfi de formation with the histone 
acetylase p300. The covalent binding of p300 with FoxO leads to acetylation of the 
TF, driving also a change in transcriptional targets [ 41 ]. The NAD-dependent 
deacetylase SIRT-1 is able to rescue classical FoxO transcriptional activity [ 199 ]. 

  HIFs . Convincing evidence indicates that also HIFs are subdued to multiple mecha-
nisms of redox regulation. The HIF family, composed of three members HIF- 1/2/3, 
plays a key role in the reprogramming of cancer metabolism, motility, and survival 
to stress and chemotherapeutic agents. HIFs consist of an O 2 -regulated HIF-α sub-
unit and a constitutively expressed HIF-β subunit [ 174 ,  175 ]. In normoxic circum-
stances, HIF-1α is hydroxylated on proline residue 402 and Pro564 by prolyl 
hydroxylases (PHD), which use O 2  and 2-OG as substrates [ 102 ]. Prolyl- 
hydroxylation targets HIF-1α for proteasomal degradation. Beside hydroxylation of 
prolines, Asp803 is hydroxylated by factor inhibiting HIF-1, leading to inhibition of 
binding of p300 histone acetylase coactivator [ 175 ]. O 2  deprivation causes inhibi-
tion of both prolyl and asparaginyl hydroxylation, thereby causing HIF-1 stabiliza-
tion and supporting its transcriptional activity. 

 S-nitrosylation of HIF-1α at Cys800, promoting HIF binding to p300 histone 
acetylase through a disulphide with p300 Cys388 or 393, has been shown to increase 
HIF-1 stability and transcriptional activity [ 217 ]. In parallel, hydrogen peroxide 
indirectly promotes HIF stabilization by oxidizing the catalytic Fe 2+  of PHD and 
inhibiting their activity [ 60 ]. This mechanism is implicated in physiological stabili-
zation of HIFs under mild (1–3 %), but not deep, hypoxia, a circumstance accompa-
nied by production of ROS both from mitochondria and NOXes [ 79 ,  173 ]. In three 
different tumorigenesis mouse models, HIF-1 redox sensitivity has been confi rmed 
as a mandatory step for tumour progression [ 59 ]. Beside hypoxic circumstances, 
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HIF-1 redox sensitivity plays an important role in normoxic conditions, as during 
growth factor supply or treatment with chemotherapeutic drugs [ 61 ,  80 ,  151 ]. Again 
PHD inhibition by ROS delivery has been called upon to explain HIF-1 stabilization 
due to both growth factor signalling and citotoxic drug sensing [ 207 ]. ROS also 
mediate oncogene-driven accumulation of HIF-1 in normoxia, a phenomenon cru-
cial for the establishment of the Warburg metabolism of neoplastic cells, as for 
H-Ras transformation [ 207 ]. 

  p53 . p53 is a key redox-sensitive TF, controlling a broad variety cellular functions in 
response to stress [ 107 ]. Upon activation by a multiplicity of stress-related signals 
(DNA damaging agents, hypoxia, heat shock, etc.), p53 transactivates genes respon-
sible for cell cycle arrest, apoptosis, and DNA repair. ROS may exert their role both 
upstream or downstream with respect to p53 activation (for a review see [ 125 ]). 

 Oxidation of cysteine residues causes p53 conformational changes and affects its 
transcriptional activity and biological responses [ 130 ]. p53 is glutathionylated on its 
Cys141 under oxidative stress, with a consequent inhibition of p53 dimerization and 
association with DNA [ 202 ]. Oxidation of p53, in conditions of persistent oxidative 
stress, results in an intramolecular disulfi de, which needs to be re-reduced by TRX 
to allow DNA-binding activity of p53 and protection from apoptosis [ 130 ]. Finally, 
nitric oxide and peroxinitrite can also modulate the redox status of p53 via nitration 
of critical tyrosine residues present in its DNA-binding domain, resulting in p53 
aggregation into multimers and loss of its DNA-binding ability [ 37 ]. Of course 
these redox modifi cations shielding of reactive cysteines contributes to a negative 
regulation for human p53 and may represent an acute defensive response with major 
consequences for oncogenesis. 

  Nrf2 . In order to prevent oxidative stress, the cell must respond to ROS by mounting 
an nrf-2-mediated antioxidant response (see above) [ 96 ]. This redox-mediated 
response culminates in activation of transcription of target genes with antioxidants 
and detoxifi cation properties [ 204 ,  220 ]. In addition to this chief regulatory 
 mechanism, Nrf2 can also be directly targeted by ROS. Indeed, its Cys514 and 
Cys119 should undergo Ref-1-mediated control, affecting binding to antioxidant 
responsive elements on DNA and transcriptional activity [ 15 ]. 

 To highlight the importance of Nrf2 antioxidant response pathway as a determi-
nant of susceptibility to carcinogenesis, recent studies reported a correlation 
between Nrf2 disorders and enhanced incidence and tumour burden in several mod-
els of cancer, including hepatic carcinoma [ 155 ,  189 ]. Deregulation of expression of 
Nrf2, as well as missense mutations in Keap1 and Nrf2 genes, has been identifi ed so 
far, both leading to constitutive activation of Nrf2 and increased antioxidant and 
detoxifi cation response, with a clear advantage in terms of stress resistance and cell 
proliferation in normal and cancer cells [ 90 ,  155 ,  189 ]. Indeed, high expression of 
Nrf2 target genes grants an advantage to cancer cells for survival against anti-cancer 
drugs and irradiation [ 208 ]. Furthermore, constitutively stabilized Nrf2 promotes 
cell proliferation, as  NRF2  knockdown inhibits the proliferation of human lung can-
cer cell lines [ 182 ]. Really, the prognoses of patients with Nrf2-positive cancers are 
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signifi cantly poor. It has been reported that the increased activity of Nrf2 in cancers 
depends on several mechanisms, in particular: (1) somatic mutations in  KEAP1  or 
 NRF2 , (2) DNA hypermethylation at the promoter region of  KEAP1 , (3) the aber-
rant accumulation of proteins that disrupt the Keap1–Nrf2 interaction, (4) transcrip-
tional up-regulation of  NRF2  gene through oncogene-dependent signalling, and (5) 
the modifi cation of Keap1 protein through onco-metabolites [ 139 ]. Moreover, 
recent studies have shown that constitutively high level of Nrf2 promotes not only 
cancer formation, but also contributes to chemoresistance [ 106 ]. Down-regulation 
of Nrf2 sensitizes cells to chemotherapeutic agents, whereas up-regulation enhances 
resistance in a variety of cancer cells [ 208 ]. In keeping with a role for Nrf2 in che-
moresistance, the expression of Nrf2 in cancer cells is increased during acquisition 
of drug resistance [ 178 ]. 

  Chromatin remodelling . Modifi cations of chromatin remodelling factors like his-
tone acetylases/deacetylases, or directly to DNA, are arising as an additional mech-
anism of redox-dependent transcriptional regulation. Nitrosylation of histone 
deacetylase-2 in response to neurotrophin promotes transcription by the cAMP- 
responsive element-binding factor, through the release of the histone deacetylase 
from chromatin. This enhances acetylation of histones surrounding neurotrophin- 
dependent gene promoters and promotes transcription [ 147 ]. Furthermore, it has 
been reported that oxidative stress, due to several infl ammatory diseases, causes 
formation of peroxynitrite, which inactivates histone deacetylase-2 through nitra-
tion of critical tyrosine residues [ 10 ].  

1.4.4     Non-Proteins Substrates 

 Beside proteins, oxidants may also target DNA or lipids eliciting the formation of 
molecules endowed with signalling abilities. For example, the formation of 8-oxo- 
guanine upon oxidative injury of DNA has been reported to play a role in transcrip-
tional activation downstream to estrogens receptor and Myc oncogene [ 2 ,  154 ]. 
Demethylation of H3K4 by lysine-4 demethylase-1 (LSD1) produces hydrogen per-
oxide, which nearby oxidizes guanine to 8-oxoguanine and induces the recruitment 
of DNA repair enzymes, as glycosylase-1 and topoisomerase-IIβ, triggering chro-
matin and DNA conformational changes that are essential for transcription [ 2 ,  154 ]. 
LSD1 demethylation, DNA oxidation, and chromatin looping have been reported as 
mandatory mechanisms for transcription driven by estrogens, Myc, and Snail TFs, 
likely affecting Myc-driven tumorigenesis and tumour invasion associated with 
Snail-mediated epithelial mesenchymal transition, two hallmarks of cancer aggres-
siveness [ 2 ,  103 ,  124 ,  154 ]. 

 In addition, several lipid peroxides play role as signalling molecules downstream 
to LOXes or COXes metabolism of arachidonic acid. In addition, non-enzymatic 
lipid peroxidation alters the non-covalent interactions within the membrane bilayer, 
contributing to local membrane destabilization [ 77 ].      
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    Chapter 2   
 Oxidative Stress, Antioxidant Defenses, 
and the Liver 

             Carlo     Vascotto      and     Claudio     Tiribelli    

2.1             Introduction 

 Several million years ago, some unicellular organisms in the primordial seas began 
dumping a new toxic agent into the environment, and some others found a way to use 
this “pollutant” to their own advantage. The toxic agent in question was oxygen, and it 
is now accepted that multicellular animal life evolved partly as a consequence of the 
many-fold increase in cellular energy that can be produced from nutrients by enzy-
matic reduction of oxygen [ 1 ]. If on the one hand the appearance of oxygen prompted 
the evolution, on the other oxygen still remains an extremely dangerous agent with 
which to coexist. This very basic dilemma has come to be known as “The Oxygen 
Paradox” [ 2 ]. Aerobic leaving organisms produce reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) as a result of normal cellular metabolism. ROS and 
RNS are critical intermediates in the normal physiology and pathophysiology of many 
cells including the hepatocyte. ROS of physiological signifi cance are superoxide anion 
(O 2  •− ), hydroxyl radical ( • OH), and hydrogen peroxide (H 2 O 2 ), while RNS includes 
nitric oxide (NO • ) and peroxynitrite (ONOO − ) (Fig.  2.1 ) [ 3 ]. When the levels of oxida-
tion products exceed the capacity of normal antioxidant systems, a net oxidative stress 
results [ 4 ]. In the liver, free radicals triggered by ROS and RNS are created by neutro-
phils, Kupffer cells, mitochondria, and cytochromes P450 [ 5 ]. Oxidative stress acts by 
affecting major cellular components including lipids, DNA, and proteins [ 6 ].  
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 To cope with these harmful by-products of oxygen, all living organisms developed 
cell defenses mechanisms to counterbalance the effects of oxidants. The fi rst defense 
is the sharp gradient of oxygen tension, seen in all mammals, from the environmental 
level of 20 % to a tissue concentration of only 3–4 % oxygen. These relative low tissue 
levels of oxygen prevent the occurrence of most oxidative damage [ 1 ]. Nevertheless, 
our tissues are continuously exposed to oxidative stress but luckily, thanks to enzy-
matic and non-enzymatic antioxidant defenses, we have defense against oxygen radi-
cals and other activated-oxygen species. Aerobic organisms synthesize several 
antioxidant enzymes. These defense mechanisms include Superoxide dismutases 
(SOD), Catalase (CAT), Glutathion peroxidise (GTPx), Thioredoxins (TRXs), 
Peroxiredoxins (PRXs), Thioredoxin reductase (TrxR), Glutaredoxins (Grxs), and 
Glutathione transferase (GST) [ 3 ]. In addition, our cells utilize a series of antioxidant 
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  Fig. 2.1    Main pathways for the formation of ROS and RNS. Mitochondria are the major source of 
cellular ROS during oxidative phosphorylation and ETC. Electron leak leads at the formation of 
superoxide anion (O 2  •− ) that is generated by the reduction of molecular oxygen. This process may 
also be mediated by NADPH oxidase and xanthine oxidase. Superoxide dismutase (SOD) cata-
lyzes the dismutation of two superoxide anions into hydrogen peroxide (H 2 O 2 ) and oxygen (O 2 ). 
H 2 O 2  could be enzymatically converted into water by catalase (CAT) or glutathione peroxidase 
(GTPx). If not inactivated, H 2 O 2  can react with reduced transition metals, via Fenton’s reaction, to 
produce hydroxyl radical ( • OH). Nitric oxide synthase (iNOS) induction by IL-β, TNFα, INFγ, and 
LPS is responsible for the formation of nitric oxide (NO • ) from  L -arginine in a NADPH-dependent 
reaction. NO •  can react with O 2  •−  forming peroxynitrite (ONOO − ). Due to their high reactivity, 
H 2 O 2 , O 2  •− , and ONOO −  could all damage lipids, DNA, and proteins leading to cell death       
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compounds that directly react with oxidizing agents acting as “scavengers” in an 
unavoidably suicide mechanism. Vitamin E, vitamin C (ascorbic acid), glutathione 
(GSH), and carotenoids are some of the most effective antioxidant molecules [ 3 ]. 
Cells can also adapt to oxidative stress by rapidly increasing the production of antioxi-
dant enzymes, the coding genes of which are rapidily turned on in response to oxida-
tion. This adaptive response enables cells to survive under oxidative stress conditions 
and to restore the net balance between pro- and antioxidants [ 1 ]. 

 Chronic oxidative stress is a major pathogenetic event occurring in several liver 
diseases, ranging from metabolic to proliferative disorders [ 7 ]. The relevance of 
cellular redox state in liver pathologies is outlined by a number of studies in patients 
affected by viral, alcoholic or non-alcoholic fatty liver diseases, ischemia/reperfu-
sion injury, metabolic disorders, and cancer (for details on oxidative stress in liver 
pathology refer to Chapters 12–26), pointing to a correlation between organ damage 
and increase in pro-oxidant cellular markers associated with a concomitant decrease 
of antioxidants [ 5 ,  8 – 10 ]. Chemical modifi cation of essential biomolecules by ROS 
may cause their functional inactivation leading to cell death or an adaptive cellular 
response. Identifi cation of chronic and acute oxidative stress biomarkers is of the 
utmost importance to monitor the degree of liver damage, the pharmacological 
response to therapies, and the development of new therapeutic approaches.  

2.2     Cellular Sources of ROS and RNS 

 ROS are produced from molecular oxygen (O 2 ) as a result of normal cellular metabo-
lism. ROS can be divided into two groups: free radicals and non-radicals compounds. 
Radical species are characterized by the presence of one or more unpaired electrons 
that confer chemical reactivity to the molecule. When two free radicals share their 
unpaired electrons, a non-radical form is created [ 3 ]. O 2  •−  is formed by the addition 
of one electron to the oxygen generating a free radical oxygen form [ 11 ]. This pro-
cess is mediated by nicotine amide dinucleotide phosphate (NADPH) oxidase, or 
xantine oxidase, or mitochondria electron transport chain (ETC). The respiratory 
chain provides the main portion of cellular ATP, but is also a major source of 
ROS. During oxidative phosphorylation and transfer of energy along the ETC, 
approximately 1–3 % of electrons escape from complexes I and III forming superox-
ide. This process of superoxide generation, termed “electron leak,” has been impli-
cated in the pathophysiology of numerous diseases [ 12 ]. Superoxide has a very short 
half-life, cannot pass outward through the mitochondrial inner membrane, and upon 
formation it is readily converted into H 2 O 2  and O 2  by the action of SOD [ 13 ]. H 2 O 2  is 
freely diffusible in the cellular environment and may reach the nucleus and interact 
with DNA-bound transition metal ions, iron and copper in particular, leading to the 
formation of  • OH via the Fenton-type reaction [ 14 ]. Hydroxyl radical is the most 
reactive of ROS and can damage proteins, DNA and start the lipid peroxidation by 
taking an electron from polyunsaturated fatty acids [ 3 ]. Alternatively, H 2 O 2  could be 
converted into water by CAT and GTPx (Fig.  2.1 ) [ 15 ]. 
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 NO •  is a RNS critical in the redox biology of hepatocytes. It is a hydrophobic, 
freely diffusible, small molecule created by nitric oxide synthase (NOS), which is 
present in three forms: neuronal (nNOS), endothelial (eNOS), and inducible (iNOS) 
[ 4 ]. The fi rst two forms have been found to be constitutively active in neuronal tis-
sue and endothelium, respectively. On the contrary, iNOS is an inducible NOS form 
found in a variety of cells, including hepatocytes [ 4 ]. NOS utilizes  L -aginine and 
oxygen, in combination with electrons from NADPH, to create NO •  and  L -citrulline 
(Fig.  2.1 ) [ 16 ]. In the liver, iNOS was found to be critical in the development and 
propagation of infl ammation [ 17 ] and is expressed in hepatocytes, Kupffer cells, 
vascular endothelial cells, and stellate cells [ 18 ]. iNOS expression is induced by 
Interleukin-β (IL-β) or IL-β in combination with Tumor necrosis factor-α (TNFα), 
Interferon-γ (IFNγ), and Lipopolisaccarides (LPS) [ 19 – 21 ]. NF-κB and γ-interferon 
response element (γ-IRE) have both been found to affect iNOS promoter [ 22 ], con-
tributing to mitochondrial dysfunction by interfering with the mitochondrial respi-
ratory chain and by forming O 2  •−  [ 23 ]. Some of the physiological effects of RNS are 
mediated through the formation of  S -nitroso-Cys or  S -nitroso-GSH intermediates 
[ 24 ]. RNS may functionally inactivate proteins of the mitochondrial respiratory 
chain through nitration of their Tyr residues or the intermediate formation of 
 S -nitrosated protein adducts at Cys residues [ 24 ]. An indirect effect of promoting 
mitochondrial dysfunction is the increased production of RNS as a consequence of 
the induction of iNOS and the formation of ONOO −  [ 25 ].  

2.3     Damages Generated by ROS 

 ROS are strong oxidants capable of damaging DNA, proteins, and lipids. The oxida-
tive products derived from each biomolecule are complex and multiple. Reactivity, 
site, and mechanism of production and products formed vary depending both on the 
free radical and the molecular target. Some of these oxidative products are markers 
of oxidative stress. 

 ROS can modify DNA in several ways determining base degradation, single- or 
double-stranded breaks, purine, pyrimidine or sugar-bound modifi cation, mutation, 
deletion or translocation, and cross-linking with proteins [ 3 ]. Purines undergo oxi-
dation of the ring atoms, leading to various chemical modifi cations. The highly 
mutagenic guanine derivate 8-hydroxyguanine (8-oxoG) is formed in large quanti-
ties as consequence of the high oxidation potential of this base (Fig.  2.2a ) [ 26 ]. 
The miscoding effect of 8-oxoG lesion is due to DNA polymerase activity which 
inserts adenine opposite to 8-oxoG, resulting in G:C to A:T transition mutations 
generating DNA base mutation site with high frequency. Formation of 8-oxoG in 
transcription factors-binding sites can modify binding activity of transcription fac-
tors and thus change the expression of related genes as has been shown for AP-1 and 
Sp-1 target sequences [ 27 ]. The most frequent pyrimidine oxidation is represented 
by the formation of 5-hydroxycytosine (5-OHC), which leads to the insertion of a 
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thymine creating a potential premutagenic lesion [ 28 ]. Other important oxidation 
lesions are the formamidopyrimidine such as faPyA and faPyG and the oxidized 
thymine glycol (TG) (Fig.  2.2a ) [ 29 ]. All these mutations are recognized by differ-
ent DNA glycosylases, which remove the damaged nitrogenous base by cleaving 
the  N -glycosylic bond and generating an abasic (AP) site while leaving the sugar- 
phosphate backbone intact [ 30 ]. This reaction represents the initiation step of 
the base excision repair (BER) pathway and forms the substrate for the AP endo-
nuclease (APE1) enzyme that generates a nick in the phosphodiester backbone of 
the AP site [ 31 ].  

 ROS-induced protein modifi cation can result in unfolding or alteration of protein 
structure and function. Reversible protein modifi cation, such as S-glutathionylation, 
S-nitrosation, and methionine sulfoxidation, may have a dual role of protection from 
irreversible oxidation and modulation of protein function [ 32 ,  33 ]. Differently, irre-
versible protein modifi cation can lead to inactivation of various proteins and could 
have long-lasting detrimental cellular effects [ 34 ]. Protein carbonylation is a type of 
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protein oxidation that can be promoted by ROS. Carbonyl groups are introduced into 
proteins by direct oxidation of the Lys, Arg, Pro, and Thr side chains. Cys residues 
undergo S-thiolation by forming a mixed disulfi de through the conjugation with low 
molecular weight thiols, such as GSH [ 35 ]. In addition, Cys residues could be oxi-
dized forming sulfenic acid that could generate a Cys disulfi de bridge or be sequen-
tially oxidized to sulfi nic- and sulonic-acid forms [ 36 ]. The methyl-thioether group of 
Met is particularly susceptible to ROS and could generate a sulfoxide form of Met 
(MetO). Sulfoxidation of Met leads most proteins to conformational alteration and 
loss of function. An active defense against this modifi cation cells expresses methio-
nine sulfoxide reductase (MsrA), an enzyme that acts by reducing MetO [ 37 ]. Also 
RNS could modify protein residue generating 2- nitrotyrosine as consequence of Tyr 
residue nitrosation by ONOO −  (Fig.  2.2b ) [ 38 ]. 

 Lipid peroxidation by ROS can disrupt the membrane lipid bilayer arrangement 
inactivating membrane receptors and enzymes and increasing cellular permeability 
[ 39 ]. Phospholipid peroxidation generates a large number of diverse products, 
including breakdown products resulting from cleavage of the oxidized fatty acyl 
chain. Lipid peroxidation requires an initiation step in which a fatty acid radical is 
produced as consequence of a radical reaction by O 2  •−  or  • OH [ 40 ,  41 ]. The fatty acid 
radical is not a very stable molecule, so it readily reacts with molecular oxygen, 
thereby creating a peroxyl-fatty acid radical. This in turn reacts with another free 
fatty acid producing a different fatty acid radical and a lipid peroxide, or a cyclic 
peroxide if it reacts with itself (Fig.  2.2c ). This cycle continues, as the new fatty acid 
radical reacts in the same way. The end products of lipid peroxidation are reactive 
aldehydes, such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) [ 41 ]. 
HNE is one of the most studied products and was found to occur in rat liver sub-
jected to oxidative damage by carbon tetrachloride [ 42 ].  

2.4     Enzymatic Antioxidant Defenses 

 Cellular defenses coping with ROS generation are multiple and include enzymatic 
and non-enzymatic antioxidants. SOD, CAT, GTPx, TRXs, PRXs, TrxR, GRXs, 
and GST are the major enzymatic antioxidant cellular defenses. 

 SOD is an oxido-reductase that catalyzes the dismutation of O 2  •−  into oxygen and 
H 2 O 2 . Three forms of SOD are present in humans: (1) SOD1 is highly abundant, 
comprising ~1 % of total protein in the cell [ 43 ] and resides mainly in the cytosol; 
(2) SOD2 is a nuclear-encoded mitochondria enzyme; (3) SOD3 is predominately 
located outside the cell in the extracellular matrix [ 44 ]. All three proteins are codi-
fi ed by different genes located on chromosomes 21, 6, and 4, respectively. Other key 
differences among the SOD proteins include their quaternary structures and mecha-
nism of superoxide dismutation: SOD1 is a homodimer while SOD2 and SOD3 are 
homotetrameric proteins. SOD1 and SOD3 catalyze the dismutation of O 2  •−  through 
the alternate reduction and reoxidation of Cu 2+ , whereas SOD2 utilizes manganese 
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as a redox active transition metal [ 44 ]. The physiological relevance of SOD1 activity 
extends beyond oxidative stress protection. Indeed, SOD1 catalytic activity plays a 
key role in signal transduction. H 2 O 2  can reversibly and specifi cally react with pro-
teins, generally by oxidizing Cys residues and therefore altering biochemical and 
functional properties of those proteins in a redox-dependent manner [ 45 ]. Several 
signal transduction pathways are modulated by H 2 O 2  including gene expression, 
cell proliferation, differentiation, and death [ 46 ,  47 ]. SOD2 is a nuclear- encoded 
mitochondrial protein whose expression is highly regulated both at transcriptional 
and translational levels, and through post-translational modifi cations [ 48 ,  49 ]. 
TNFα, IL1-β, IFNγ, LPS, and anti-cancer drugs are able to induce SOD2 expression 
[ 49 ]. NF-κB is considered the most responsive redox-sensitive transcriptional factor 
that binds the NF-κB consensus motif present in  SOD2  regulatory region [ 49 ]. Both 
the promoter and the enhancer regions of  SOD2  gene present NF-κB-binding 
sequences at which the protein can bind enhancing transcription [ 50 ]. SP1 is another 
redox-responsive transcription factor that binds to  SOD2  promoter and is necessary 
for both basal and induced expression of SOD2 [ 51 ]. AP1 is a redox-regulated pro-
tein consisting of a c-Fos, c-Jun, and Fra family proteins. The oncogenic stimulation 
of Ap1 expression occurs in response to growth factors and oxidative stress [ 51 – 54 ]. 
An Ap1 consensus-binding site has been identifi ed in  SOD2  gene promoter suggest-
ing that Ap1 activation by oxidative stress may play a positive role in inducing 
 SOD2  transcription [ 55 ]. 

 H 2 O 2  is mainly produced by SOD and could be converted into water and oxygen 
by the action of catalase [ 56 ]. CAT is a tetrameric enzyme of approximately 60 kDa 
subunits, each has 527 amino acid residues and one heme group with Fe 3+ . 
The human catalase gene is localized on chromosome 13 and is composed by 13 
exons and 12 introns [ 57 ]. CAT is not the only enzyme in the redox cycle respon-
sible for the reduction of H 2 O 2 . GTPx are a family of tetrameric enzymes with four 
identical subunits, each of which contains one unique selenocysteine residue within 
the active site, and use low-molecular-weight thiols (such as reduced glutathione 
(GSH)) to reduce H 2 O 2  and lipid peroxides to their relative alcohols [ 58 ]. Four 
GTPx encoded by different genes have been described: GTPx-1 is ubiquitous and 
reduces H 2 O 2  and fatty acid peroxides, but not esterifi ed peroxyl lipids [ 59 ]. Despite 
this range of peroxide substrates, GTPx-1 is very specifi c for GSH as reducing sub-
strate. Therefore, GTPx-1 activity is strictly associated with GST, whose enzymatic 
activity maintains a constant supply of GSH from GSSG [ 59 ]. GTPx-2 is localized 
in gastrointestinal epithelial cells where it serves to reduce dietary peroxides [ 60 ]. 
After the discovery of GTPx-1, it was long believed that GTPx activity in plasma 
was due to leakage of the enzyme from the liver and other organs. GTPx-3 is a gly-
coprotein and is the only member of the GTPx family located in the extracellular 
compartment. It is believed to be one of the most important extracellular antioxidant 
enzymes in mammals [ 59 ,  61 ]. The partial sequencing of the protein and then of its 
cDNA confi rmed that GTPx-3 is distinct from GTPx-1 with only a 40–50 % of 
homology between the two forms. The mRNA for GTPx-3 is predominantly found 
in kidney [ 62 ], but also in a number of other cell types as heart, placenta, lung, 
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 gastrointestinal cells, and thyroid [ 63 – 66 ]. Esterifi ed lipids are reduced by 
membrane- bound GTPx-4, which can use several different low-molecular-weight 
thiols as reducing equivalents [ 59 ]. This is a 22 kDa protein that in contrast with the 
tetrameric structure of the other GTPx proteins exerts its enzymatic activity as a 
monomer [ 67 ]. GTPx-4 can use phospholipids hydroperoxidases, but also H 2 O 2  and 
a wild range of lipid hydroperoxides as substrates [ 68 ]. 

 In addition to GTPx enzymes, cellular ROS detoxifi cation is closely associated 
with thiol-containing enzymes such as TRXs, GRXs, PRXs, and TTRs. Trx-1 is a 
small multifunctional ubiquitous redox-active protein of 12 kDa [ 69 ]. TRXs have 
two redox-active cysteine residues in their conserved active-site sequence (Cys-
Gly- Pro-Cys), which in the reduced state exist in their -SH form. The human form 
of Trx-1 has three additional Cys residues, which are absent in  E. coli  and in the 
mammalian mitochondrial thioredoxin (Trx-2) [ 70 ]. These Cys residues are con-
verted to the oxidized intramolecular disulfi de bond state in a reaction that results in 
the reduction of a disulfi de of the target protein. This oxidized form of TRX is then 
recycled back to its reduced form by TrxR, which uses NADPH as a cofactor [ 71 ]. 

 GRXs and TRXs share a number of common features, but GRXs are more ver-
satile than TRXs for substrate and reaction mechanism [ 72 ]. Similarly to TRXs, 
double Cys active-site sequence is also present in the dithiol GRXs. However, in 
monothiol GRXs, the C-terminal Cys residue is replaced by a Ser [ 72 ]. GRXs use 
the reducing power of GSH to catalyze the reduction of protein disulfi des by a 
dithiol mechanism, or the reduction of mixed GS-S protein disulfi des through a 
monothiol mechanism (Fig.  2.3a ) [ 72 ]. Unlike TRXs, GRXs have a stronger affi nity 
toward the mixed disulfi des. To reduce a disulfi de, both active-site Cys are required 
in the dithiol mechanism, while for the monothiol mechanism involving GSH- 
mixed disulfi des, only the N-terminal Cys is necessary [ 73 ].  

 PRXs are a family of antioxidant enzymes composed by six members (1–6) that 
catalyze the reduction of peroxides [ 74 ]. Family members share the same basic 
catalytic mechanism consisting of the presence of a redox-active Cys residue that 
becomes oxidized by peroxides to sulfenic acid (–SOH). This oxidized form of 
PRX must then be reduced back to the –SH form by reduced TRX. This mechanism 
of reconversion differs among the PRX subfamilies. PRXs containing 2 Cys resi-
dues in the catalytic site are the predominant members (1–4) [ 74 ]. In addition to a 
catalytic residue, 2-Cys PRXs possess a “resolving Cys” residue which reacts with 
the oxidized peroxidatic Cys-OH to form a disulfi de bridge. In the typical 2-Cys 
PRXs (1–4), the resolving Cys and catalytic Cys are on different molecules and so 
the active enzyme exists as functional homodimer (Fig.  2.3b ). In contrast, PRX 5 is 
an atypical 2-Cys Prx that exists as a monomer with both the resolving and catalytic 
Cys residues on the same molecule. PRX 6 is expressed only in mammalian cells 
and is characterized by the presence of a single Cys residue in the catalytic site. 
This 1-Cys PRX do not contain a resolving cysteine and cannot be reduced by TRX, 
but may instead be reduced by other agents, potentially glutathione or cyclophilin [ 74 ]. 
All of them contain fi xed Cys residues on the N-terminal regions of the molecules, 
and the isoforms 1–4 have additional analogous Cys residues on the C-ends [ 74 ]. 
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Under increased oxidative stress, PRX-SOH can sometimes be further oxidized by 
peroxide to sulfi nic acid (–SO 2 H), causing inactivation of peroxidase activity [ 75 ]. 
PRX–SO 2 H is not a substrate for the resolving Cys and cannot be reduced by TRX. 
For this  reason, PRX–SO 2 H was thought to be an irreversible form. Subsequently, it 
was demonstrated that PRX–SO 2 H can be reduced back to the catalytically active 
form by the ATP-dependant reductase sulfi redoxin (SRX) [ 76 ,  77 ]. Hyperoxydation 
to sulfonic acid (–SO 3 H) determines an irreversible modifi cation and the inactiva-
tion of the protein. The expression of genes encoding different Prx isoforms has 
cellular, tissue, and organ specifi city (Fig.  2.3b ). PRX 1 is the most widely repre-
sented and highly expressed member of the PRXs family in virtually all organs and 
tissues of mice and humans, both in normal tissues and malignant tumors [ 78 ,  79 ]. 
High expression of the  PRX4  gene, the mitochondrial form of PRX proteins, is 
characteristic of liver, testes, ovaries, and muscles, whereas low expression is 
observed in small intestine, placenta, lung, kidney, spleen, and thymus [ 78 ]. 

 GSTs are another class of antioxidant enzymes involved in cellular detoxifi cation 
of endogenous toxic metabolites, superoxide radicals, and exogenous toxic chemi-
cals. They act by inactivating secondary metabolites, such as unsaturated aldehydes, 
epoxides, and hydroperoxides, and regulating the levels of the cellular antioxidant 
GSH in different cellular compartments. In addition, GSTs also play an important 
role in the activation of signals by mitogen-activated protein (MAP) kinases and vari-
ous TFs that regulate apoptosis and cell survival pathways [ 80 ,  81 ]. Three major 
families of GSTs have been described: soluble cytosolic (cGST), mitochondrial 
(mGST), and membrane-associated microsomal GST (MGST). The classifi cation 
was made on the basis of sequence similarity and immunological cross-reactivity. 
cGST family is composed of nine isoforms (α, μ, π, ω, τ, δ, σ, ζ), and the mGST of 
four isoforms (α, μ, π, κ). The MGST family contains six members including 1, 2, 3, 
leukotriene C-4 synthase, 5-lipoxygenase-activating protein, and prostaglandin E 
synthase, now referred to as membrane-associated proteins in eicosanoid and gluta-
thione metabolism (MAPEG) members [ 82 ]. Each member of the family has multi-
ple isoenzymes with overlapping substrate specifi city. All GST isoforms are codifi ed 
by nuclear genes, synthesized in the cytosol, and then  distributed in other intracel-
lular organelles [ 83 ].  

Fig. 2.3 (continued) They can also form a mixed disulphide through the conjunction with GSH 
forming a  S -glutathionylated derivative. This oxidative thiol modifi cations are reduced by members 
of GRXs or TRXs family. Panel  b : Reaction cycle of 2-Cys PRXs. Under oxidative stress conditions 
peroxidatic Cys undergoes oxidation forming sulfenic acid (−SOH). The “resolving Cys” reacts 
with the oxidized Cys forming a disulfi de bridge that could be reduced by Thioredoxin (TRX) in a 
NADPH- dependant reaction. Under increased oxidative stress, PRXs Cys are further oxidated to 
sulfi nic and sulfonic acid. Sulfi nic acid can be reduced back to the catalytically active form by 
Sulfi redoxin (SRX) in an ATP-dependent mechanism, while the sulfonic acid could not be modifi ed 
and represent an irreversible modifi cation       

2 Oxidative Stress and Liver Antioxidant Defences



52

2.5     Non-enzymatic Antioxidant Defenses 

 ROS and RNS are constitutively produced as consequence of the physiological 
cellular metabolism. The key point is to intercept and inactivate such damaging 
species, once formed. For radical compounds, the fi nal deactivation consists of the 
formation of non-radical end products. Due to the nature of the free radicals, there 
is a tendency towards chain reaction where a compound carrying an unpaired elec-
tron will react with another compound to generate an unpaired electron in that 
compound [ 84 ]. In addition to enzymatic antioxidant defenses, our cells utilize a 
series of antioxidant compounds that directly react with oxidizing agents acting as 
scavengers (Fig.  2.4 ).  

 Vitamin E is a term encompassing a group of potent, lipid-soluble, chain- 
breaking antioxidants. It is the principal defense against oxidant-induced membrane 
injury and acts by donating an electron to peroxyl radical produced during lipid 
peroxidation. Structural analyses have revealed that molecules having vitamin E 
antioxidant activity include four tocopherols (α, β, γ, δ) and four tocotrienols (α, β, 
γ, δ). One form, α-tocopherol, is the most abundant form in nature, has the highest 
biological activity, and reverses vitamin E defi ciency in humans [ 85 ]. Vitamin E is 
absorbed in the intestine and enters the circulation via the lymphatic system. It is 
absorbed together with lipids, packed into chylomicrons, and transported to the liver 
with the chylomicrons and the remnants derived thereof [ 86 ]. Only after passage 
through the liver does α-tocopherol appears in the plasma. Most of the ingested β-, 
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γ-, and δ-tocopherol are excreted in the feces [ 87 ]. In humans, severe vitamin E 
defi ciency leads to neuromuscular abnormalities characterized by spinocerebellar 
ataxia and myopathies [ 88 ,  89 ]. Vitamin E defi ciency anemia occurs, largely in 
premature infants, as a result of free radical damage [ 90 ]. Diminished erythrocyte 
life span and increased susceptibility to peroxide-induced hemolysis are apparent 
not only in severe defi ciency, but also in modest vitamin E defi ciency in hypercho-
lesterolemic subjects [ 91 ]. Vitamin E defi ciency may also occur as a result of genetic 
abnormalities in the α-tocopherol transfer protein (α-TTP) and as consequence of 
various fat malabsorption syndromes [ 86 ]. Also chronic liver disease, fat malab-
sorption, or abetalipoproteinemia can determine symptoms of vitamin E defi ciency 
and could be ameliorated by high doses of vitamin E [ 92 ]. 

 Vitamin C is an essential micronutrient required for normal metabolic functioning 
of the body [ 93 ]. As a result of a mutation of the gene coding for  L - GULONOLACTONE  
oxidase, an enzyme required for the biosynthesis of vitamin C, human and other pri-
mates have lost the ability to synthesize this vitamin C that must be introduced through 
the diet [ 94 ]. A lack of vitamin C determines the insurgence of scurvy [ 95 ]. Vitamin 
C is a cofactor of several enzymes involved in the biosynthesis of collagen, carnitine, 
and neurotransmitters [ 96 ,  97 ]. A defi ciency of vitamin C results in a weakening of 
collagenous structures causing characteristic symptoms of scurvy such as joint pains 
and tooth loss. Carnitine is essential for the transport of activated long-chain fatty 
acids into the mitochondria. Vitamin C defi ciency determines fatigues and lethargy, 
early symptoms of scurvy [ 98 ]. In addition, vitamin C is a cofactor in the enzymatic 
conversion of dopamine to noradrenalin [ 96 ]. Depression, hypochondria, and mood 
change often occur in scurvy and are related to defi cient dopamine hydroxylation 
[ 98 ]. It has been demonstrated that vitamin C is implicated in the metabolism of 
 cholesterol to bile acids, and also the hydroxylation of aromatic drugs and carcino-
gens by hepatic cytochrome P450 is enhanced by reducing agents such as vitamin C 
[ 97 ]. Beside the role in metabolic pathways, vitamin C is an important water-soluble 
antioxidant present in biological fl uids [ 99 ,  100 ]. It reacts with hydroxyl radicals and 
can also act as a coantioxidant by regenerating α-tocopherol from the α-tocopheroxyl 
radical, produced via scavenging of lipid-soluble radicals [ 101 ]. Vitamin C has also 
been shown to regenerate glutathione and β-carotene in vitro from their respective 
one-electron oxidation products [ 102 ]. Vitamin C reacts with a ROS or a RNS form-
ing the ascorbic radical, which readily dismutates forming ascorbate and dehydro-
ascorbic acid, or is reduced back to ascorbate by an NADH-dependant 
semidehydroascorbate reductase [ 103 ]. The dehydroascorbic acid can itself be 
reduced back to ascorbate by TrxR or Grx [ 97 ]. Alternatively, dehydroascorbic acid is 
rapidly and irreversibly hydrolyzed to 2,3-diketogluconic acid (DKG) [ 104 ]. 

 Differently from vitamins, GSH is not an essential nutrient but is synthesized in 
the body from its precursor amino acids Cys, Glu, and Gly in two consecutive ATP- 
consuming enzymatic reactions [ 105 ]. The fi rst reaction is catalyzed by 
γ-glutamylcysteine ligase (γ-GCL), the rate-limiting and regulatory enzyme in GSH 
synthesis, and the second by GSH synthetase (GSS) [ 106 ]. While all cells in the 
human body are capable of synthesizing glutathione, liver glutathione synthesis has 
been shown to be predominant and essential. Mice with genetically induced hepatic 
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loss of GSH synthesis only die within 1 month of birth. Liver has the highest GSH 
level among tissues and hepatocytes are the main source of GSH in liver [ 107 ]. 
Almost 85–90 % of cellular GSH is present in the cytosol, 10–15 % in the mito-
chondria, and a small percentage is in the endoplasmic reticulum (ER) and nucleus 
[ 83 ]. The compartmentalization of GSH constitutes distinct redox pools in terms of 
balance between oxidized and reduced forms and their turnover rates. Cytosolic 
GSH (cGSH) has a rapid turnover of 2–3 h, while mitochondrial GSH (mGSH) has 
relatively longer half-life of 30 h. A shift in this balance is a good indicator of cel-
lular redox stress [ 108 ]. Mitochondria are the primary site of oxygen metabolism 
and their proper function is closely linked to maintenance of the GSH pool. 
Consequently, it is believed that GSTs play a key role in protecting mitochondrial 
genetic and metabolic machinery against oxidative insults [ 109 ]. GSH reacts rap-
idly with hydroxyl radical derived from the Fenton reaction and peroxynitrite 
formed by the reaction of NO •  with superoxide [ 110 ,  111 ]. In reactions catalyzed by 
the several isoforms of GTPx, GSH also participates in the reductive detoxifi cation 
of H 2 O 2  and lipid peroxides [ 105 ]. The initial products are chemically stable sul-
fi des of GSH, but further metabolism removes the Glu and Gly residues, forming 
 S -substituted Cys. Acetylation of the cysteinyl amino group can then form a mer-
capturic acid, which is easily excreted in the urine. Such metabolism results in the 
irreversible loss of the Cys residue of GSH, a consequence of some importance 
because amino acid is often limiting for GSH synthesis [ 105 ]. If not metabolized, 
the glutathione disulfi de (GSSG) is reduced intracellularly to GSH by GSSG reduc-
tase in a NADPH-dependent reaction [ 105 ]. Cellular GSH levels refl ect a steady 
state balance between synthesis and consumption. Synthesis includes both de novo 
production and GSH regeneration from GSSG via GSSG reductase. The latter reac-
tion is responsible for the maintenance of the total glutathione pool in a predomi-
nantly reduced state and usually does not have a major infl uence on cellular GSH 
levels. Moreover, extreme levels of oxidative or nitrosative stress can quickly and 
substantially diminish GSH levels in favor of GSSG, particularly if GSSG reductase 
activity is low due to an inherited defi ciency [ 112 ] or administration of an inhibitor 
(e.g., cancer chemotherapeutic agent [ 113 ]) determining an increased demand for 
de novo GSH synthesis [ 114 ]. De novo GSH synthesis is regulated by at least three 
factors: (1) the level of γ-GCL present in the cell; (2) the availability of its sub-
strates, particularly Cys; and (3) the feedback inhibition of GSH on γ-GCL. In addi-
tion, there is recent evidence that γ-GCL activity can also be modulated by 
phosphorylation and nitrosation [ 105 ]. Knowledge about how these control mecha-
nisms integrate to establish a tissue- or cell-specifi c rate of GSH synthesis is still 
scanty. Moreover, our understanding of the inter-relationship between the control 
mechanisms governing GSH synthesis and the mechanisms governing GSH and 
GSSG utilization is poor. The steady state level of GSH cannot be predicted from 
the level of substrates, enzymes, and transporters [ 105 ]. 

 Carotenoids are among the most common natural pigments, and more than 600 
different compounds have been characterized until now, with β-carotene being the 
most prominent. They are responsible for many of the red, orange, and yellow hues 
of plant leaves and fruits [ 115 ]. Only plants, bacteria, fungi, and algae can synthesize 
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carotenoids, but many animals incorporate them from their diet [ 115 ]. Carotenoids 
serve as antioxidants in animals as effi cient antioxidants scavenging singlet molecu-
lar oxygen and peroxyl radicals. Carotenoids are lipophilic molecules that tend to 
accumulate in lipophilic compartments like membranes or lipoproteins. The lipo-
philicity of these compounds also infl uences their absorption, transport, and excre-
tion in the organism [ 116 ]. The scavenger activity of carotenoids toward O 2  •−  largely 
depends on physical quenching which involves direct energy transfer between the 
two molecules. The energy of radical oxygen is transferred to the carotenoid mole-
cule leaving a ground state oxygen and a triplet-excited carotene. Instead of further 
chemical reactions, the carotenoid returns to ground state dissipating its energy by 
interaction with the surrounding solvent. Since the carotenoids remain intact during 
physical quenching of O 2  •− , they can be reused several fold in such quenching cycles 
[ 117 ,  118 ]. Among the various carotenoids, xanthophylls as well as carotenes 
proved to be effi cient quenchers of singlet oxygen. Among the various radicals 
which are formed under oxidative conditions in the organism, carotenoids most 
effi ciently react with peroxyl radicals generated in the process of lipid peroxidation. 
Due to their lipophilicity and specifi c property to scavenge peroxyl radicals, carot-
enoids are thought to play an important role in the protection of cellular membranes 
and lipoproteins against oxidative damage [ 119 ].  

2.6     Role of Nrf2 Transcriptional Factor in Liver 
Antioxidant Defense 

 The liver performs many essential functions related to digestion, metabolism, 
immunity, and the storage of nutrients within the body. All these physiological 
activities are associated with ROS and RNS production with whom hepatocytes 
have to cope to maintain the redox balance. In addition, oxidative stress is a major 
pathogenetic event occurring in several liver disease and ROS can infl uence gene 
expression profi le by affecting intracellular signal transduction pathways through 
the modulation of protein structure/function [ 120 ]. ROS and RNS activate signal 
transduction through receptor protein tyrosine kinase and protein tyrosine phospha-
tase [ 121 ], although the precise mechanisms of ROS-mediated signaling responsi-
ble for the transcriptional regulation of antioxidant response elements (ARE) are 
not fully understood. AP1 and NF-κB families of TFs are considered as the most 
critical downstream components of the redox-sensitive signal transduction. 
However, over the last decade the nuclear erythroid 2-related factor 2 (Nrf2) has 
emerged as a signifi cant transcription factor for the induction of a variety of detoxi-
fi cation enzymes in response to oxidative stress conditions and in metabolic pro-
cesses of detoxifi cation and elimination of potentially harmful exogenous chemicals 
and their metabolites [ 122 ]. In light of its role in detoxifi cation and its ability to 
facilitate hepatoprotection, Nrf2 has more recently been considered as a target for 
new therapeutic approaches aimed to treat liver diseases [ 123 ]. Under normal physi-
ological conditions, Nrf2 is sequestered in the cytosol by the actin-binding protein 
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kelch-like ECH associating protein 1 (Keap1) [ 124 ], which functions as an adaptor 
for Cullin 3 (Cul3), an E3-based ligase, which targets Nrf2 for ubiquitination and 
subsequent proteasomal degradation [ 125 ]. This mechanism of proteasomal degra-
dation of Nrf2 is very effi cient as the half-life of Nrf2 under homeostatic conditions 
is approximately 20 min [ 124 ,  126 ]. However, under oxidative stress conditions, the 
interaction between Nrf2 and Keap1 is disrupted determining a decreased protea-
somal degradation of Nrf2 with subsequent accumulation of free Nrf2 in the cyto-
sol, and an increase in Nrf2 translocation into the nucleus [ 127 ]. Once in the nucleus, 
Nrf2 heterodimerizes with a small musculo-aponeurotic fi brosarcoma (Maf) protein 
and binds to ARE. The Nrf2/Maf complex then recruits CREB-binding protein and 
p300, which have been implicated in the recruitment of histone acetyltransferases 
and RNA polymerases [ 128 ,  129 ]. The entire complex then initializes transcription 
of a large battery of cytoprotective genes [ 130 ]. 

 NAD(P)H:quinone oxidoreductase 1 (Nqo1) is a cytosolic fl avoprotein catalyz-
ing the two-electron reductive metabolism and detoxifi cation of endogenous and 
exogenous chemicals [ 131 ]. Nqo1 is critical for cytoprotection against many highly 
reactive and potentially damaging quinones. As would be expected, Nrf2-null mice 
showed reduced constitutive expression and activity of Nqo1 in liver, stomach, and 
small intestine [ 130 ,  132 – 134 ]. 

 Heme oxygenase-1 (Ho-1) catalyzes the fi rst and rate-limiting step in the catabo-
lism of the pro-oxidant heme to carbon monoxide, biliverdin, and free iron. Ho-1 
can have both anti-oxidative and anti-infl ammatory effects, as biliverdin can be 
reduced to the antioxidant bilirubin, by biliverdin reductase, and small amounts of 
carbon monoxide can have anti-infl ammatory effects [ 135 ]. Both Ho-1 mRNA and 
protein expression levels are commonly up-regulated following oxidative stress and 
cellular injury [ 136 ] and Nrf2 has been shown to directly regulate  Ho - 1  promoter 
activity through the interaction with the  Ho - 1  promoter-binding sites resembling 
AREs [ 137 ]. However, other transcriptional mechanisms can regulate Ho-1 expres-
sion [ 138 ,  139 ]. As previously reported, GST and γ-GCL are involved in the main-
tenance of redox balance and protection against oxidative insult, and their expression 
is regulated by Nrf2. Both genes contain ARE sequences in their promoters [ 140 ] 
and decreased levels of GSH and reduced expression of GST mRNA and protein 
were reported in Nrf2-null mice [ 140 ,  141 ]. 

 Sulfi redoxin 1 (Srxn1) catalyzes the reduction of the active site of PRXs, thereby 
converting this important enzyme from an inactive to an active state. Srxn1 has a 
functional ARE in its promoter region and can be rapidly induced (20-fold) in vivo 
in the liver by administration of the Nrf2 activator CDDO-trifl uoroethylamide 
(CDDO-TFEA) [ 142 ]. 

 Numerous studies demonstrated that targeted deletion of Nrf2 in Nrf2-null mice 
leads to enhanced susceptibility to hepatic injury. Acetaminophen is a well-known 
and often used hepatotoxicant and was the fi rst compound used to verify the effects 
of a loss of Nrf2. In two separate studies a dose of 300 mg/kg or greater of acet-
aminophen administrated in Nrf2-null mice caused death in the homozygous knock-
out mice only. Those that survived showed a greater severity in hepatic damage than 
the wild-type mice, as demonstrated by increased plasma alanine aminotransferase 
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activity, decreased hepatic non-protein sulfhydryl (NPSH) content, and centrilobu-
lar hepatocellular necrosis [ 143 ,  144 ]. More recent studies using arsenic and penta-
chlorophenol (PCB) demonstrated the deleterious effects of knocking out Nrf2 in 
the liver [ 145 ]. Treatments on Nrf2-null mice determined DNA hypomethylation, 
oxidative DNA damage, and apoptotic cell death. In a chronic model of liver fi brosis 
utilizing carbon tetrachloride (CCL 4 ), Nrf2-null mice had aggravated liver fi brosis 
and an increased infl ammatory response, as quantifi ed by hepatic IL-1α, TNFα, and 
IFNγ mRNA expression, than when CCL 4  was given to wild-type mice [ 146 ]. The 
role of Nrf2 was also investigated in liver regeneration processes that resulted sig-
nifi cantly impaired in partially hepatectomized Nrf2-null mice, as a result of 
increased oxidative stress and impaired insulin/insulin growth factor-1 signaling 
[ 147 ]. In conclusion, several evidences support the link between protection toward 
oxidative damage and Nrf2 transcriptional control activity over cytoprotective 
genes. For this reason, the possibility to use small molecules to activate Nrf2 as a 
counteraction against oxidative damage for therapeutic applications is currently 
actively investigated.  

2.7     Conclusions 

 A correct balance between pro- and anti-oxidants is crucial for the correct function-
ing of any living cell. Oxidative events lead to the production of ROS and are rapidly 
counteracted by several, different mechanisms. ROS act by damaging biomolecules, 
but they also control the function of transcriptional factors, therefore leading to pro-
found changes in gene expression. Acute and chronic liver diseases are characterized 
by an imbalance of the cellular redox state and are a common characteristic in infl am-
mation. Unfortunately, only few and scattered data are available on molecular bio-
markers of ROS production and redox alteration. In this scenario the study of redox 
state is of the utmost importance and represent one of the fi rst examples of the 
 so-called translational medicine. It is expected that the future will teach us more on 
the applicability of the “bench” discovery to the “bed” scenario. 
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    Chapter 3   
 Oxidative Mechanisms in Liver Senescence 
and Regeneration 

             Fabio     Marongiu    ,     Maria     Paola     Serra    , and     Ezio     Laconi     

3.1             Oxygen and the Evolution of the Biosphere 

 Life on earth emerged in an anoxic environment. The earliest prokaryotes that inhab-
ited our planet for hundreds of million years relied on H 2 , H 2 S, and CH 4  as potential 
electron donors and were perfectly adapted to live in the absence of what is today an 
essential element of the biosphere, i.e., O 2 . Oxygen began to accumulate in oceans 
and then in the atmosphere about 2.2 billion years ago, following the emergence of 
oxygenic photosynthetic microorganisms, which were able to split water and release 
molecular O 2 . This event is rightly considered a major step in the evolution of the 
biosphere, for a series of important reasons. (1) The introduction of O 2  in an anaero-
bic environment acted as a cataclysm on the preexisting biosphere, given the un-
protected vulnerability of life forms to oxygen-derived reactive species. (2) The 
ensuing strong selection pressure precipitated the development of novel enzymes and 
new pathways, in order to cope with the bio-toxicity of O 2  derivatives [ 151 ]. (3) 
Evidence indicates that rising concentrations of O 2  also caused the reshuffl ing of 
integral biochemical pathways, with many enzymatic reactions that were central to 
anoxic metabolism being effectively replaced in aerobic organisms [ 148 ]. (4) The 
availability of molecular oxygen also made possible a highly exergonic respiratory 
chain based on O 2  as a terminal electron acceptor, an event that is considered as cru-
cial for the evolution of eukaryotes and complex multicellular life species [ 46 ,  48 ] 
and possibly for the colonization of terrestrial environments. Thus, both the quality 
and the quantity of existing biochemical networks were heavily impacted upon by 
the appearance of molecular oxygen [ 54 ,  149 ]. Using model systems, it has been 
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estimated that the introduction of O 2  into a set of 2,162 biochemical reactions 
 involving 1,672 metabolites results in over 1,000 additional reactions producing 
2,317 metabolites [ 149 ]. This is consistent with the intriguing hypothesis proposed 
by Stuart Kauffman in his book “Reinventing the Sacred”. The author postulates 
that the biosphere is endowed with inherent creative power, due to the possibility of 
continuous expansion of the (bio)-chemical landscape into what he refers to as the 
“adjacent possible”, i.e., any new (bio)-chemical path that emerges as thermody-
namically accessible. Accordingly, the addition of a new and exquisitely reactive 
element such as oxygen into the primordial anaerobic biochemistry of our planet 
must have profoundly altered the biophysical environment and expanded the realm 
of the “adjacent possible” for the existing biosphere. It is a fact that the evolution of 
eukaryotes and complex multicellular organisms on earth was preceded by the 
appearance of O 2 . Furthermore, several biochemical pathways (e.g., sterol biosynthe-
sis) evolved to become dependent on oxygen availability. It has been speculated 
that aerobic metabolism may have facilitated biological evolution through promoting 
the establishment of nuclear signaling systems, which are essential to the eukaryotic 
cell. This hypothesis is based on the observation that most nuclear receptor ligands 
(which include in fact many steroid derivatives) are produced only through aerobic 
metabolism [ 79 ]. 

 The O 2 -dependent respiratory pathway generates four times as much energy per 
molecule of glucose oxidized than any of the ancient anaerobic pathways, providing 
new opportunities and avenues for the evolutionary process to unfold. On the other 
hand, it also exposes biological systems to the potential toxicity of newly formed 
reactive oxygen species (ROS), which are highly destructive on membrane lipids, 
on proteins, and on nucleic acids [ 96 ,  117 ]. This new challenge prompted two adap-
tive consequences, which also contributed to evolutionary changes: (1) it selected 
for both enzymatic and non-enzymatic mechanisms to protect the cell from ROS 
toxic potential; (2) it resulted in the incorporation of ROS as part of redox mecha-
nisms regulating several biochemical pathways and basic biological processes, 
including cell cycle control and cellular senescence. The latter aspects will be dis-
cussed in the following paragraphs.  

3.2     ROS and Cell Senescence 

 Two assumptions are often made in discussing the role of ROS in cell senescence: (1) 
senescence represents the cellular counterpart of organismal aging, and it is basically 
sustained by similar triggering mechanisms; (2) ROS represent the main contributing 
factor to both cell senescence and organismal aging. However, neither of these 
assumptions can be considered as proven beyond any reasonable doubt. In fact, it is 
still a matter of debate whether and to what extent aging of tissues is indeed linked to 
cellular senescence [ 10 ,  141 ]; nor is a direct causative involvement of ROS in aging 
universally accepted [ 69 ]. Thus, the role of oxidative stress in cell senescence will be 
discussed in light of these uncertainties. 
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3.2.1     What Is Cell Senescence? 

 In Greek mythology, Tithonus received from Zeus the gift of immortality but 
 continued to experience the aging process. So, according to the wisdom behind 
ancient mythology, aging is an inevitable consequence of age, unless some miracle 
intervenes. 

 However, despite the fact that we witness the aging phenomenon in everyday life 
and in virtually all living organisms, including possibly prokaryotes [ 90 ], we still do 
not have a satisfactory answer as to the intimate nature of this process. Such basic 
biological question was tentatively laid on scientifi c grounds about half a century 
ago, following the description of cell senescence in cells in vitro, when Hayfl ick and 
colleagues showed that normal cells had a limited ability to proliferate in culture 
(Hayfl ick’s limit) [ 67 ]. The concept met initially with considerable scepticism; in 
fact, it had been dogma for 60 years that the eventual death of normal human cells 
in culture was not due to some inherent property, but caused by ignorance of the 
proper conditions under which to culture them. And almost three additional decades 
had to elapse before telomere shortening was identifi ed as the possible molecular 
counterpart of the Hayfl ick’s limit [ 2 ,  65 ]. 

 Nevertheless, the fi nding that normal cells could not replicate indefi nitely, despite 
the presence of optimum growth conditions either in vitro or in vivo, carried two 
main conceptual implications. Given the fact that many cancer cells proliferate 
indefi nitely in culture, the senescence response was interpreted as one mechanism 
that protected tissues and organisms from cancer. On the other hand, considering 
that the ability to perform tissue repair deteriorates with age, cellular senescence 
was seen as the possible basis for the aging process at organ and organismal levels, 
as exemplifi ed by the loss of regenerative capacity of tissues in vivo. 

 The idea that a biological process such as cellular senescence can be both benefi -
cial (tumour suppressive) and deleterious (limit tissue renewal) is consistent with a 
signifi cant evolutionary theory of aging named antagonistic pleiotropy [ 169 ]. 

 In agreement with the antagonistic pleiotropy theory of aging, natural selection 
has favoured genes providing advantages to the organism during the reproductive 
years, at the expenses of deterioration in the distant future. The “disposable soma” 
theory expresses this as a life-history strategy in which somatic maintenance is 
below the level required to prevent aging, hence allowing increased fertility. 

 However, the interpretation of cell senescence within the scheme of antagonistic 
pleiotropy is not universally accepted. Recently, it has been proposed that cell 
senescence is the end result of two opposing signals: one that reads for cell growth 
and the other imposing a persistent block in the cell cycle [ 15 ,  102 ,  163 ]. As such, 
it is perfectly functional to the biology of both young and older tissues and organ-
isms. Furthermore, the discovery and characterization of the senescence-associated 
secretory phenotype (SASP) [ 40 ] has clearly indicated that cell senescence leads to 
profound changes in the tissue microenvironment, potentially modulating tissue 
repair and regeneration as well as the progression of chronic disease processes such 
as neoplasia. 
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 An additional and most intriguing layer of complexity to the issue on the essence 
and signifi cance of cell senescence has been added by the recent reports describing 
the presence of senescent cells during embryonic development [ 121 ,  171 ]. 
These fi ndings add to the contention that the senescence phenotype is not necessar-
ily the end result of accidental damage suffered by the cell, but might also represent 
the outcome of a programmed developmental process relevant to tissue remodeling 
and morphogenesis [ 11 ,  32 ,  144 ]. 

 It is very possible that what we identify as senescent cells under various condi-
tions (e.g., physiological aging, embryonic development, exposure to DNA- 
damaging agents) might actually represent distinct cellular reactions with specifi c 
biological signifi cance, despite the presence of common phenotypic expressions 
that we use as markers of senescence (see next section). It is very likely that this 
uncertainty will persist until a comprehensive and satisfactory understanding about 
the nature of cell senescence is achieved [ 15 ,  60 ].  

3.2.2     Biomarkers of Cellular Senescence 

 As we have seen, the increasing complexity of the senescence phenotype defi es any 
satisfactory functional defi nition. However, several markers have been described and 
are being currently used to operationally identify senescent cells, both in cell cultures 
and in tissues. It should be emphasized that no single marker can be considered as 
pathognomonic of cellular senescence: it is rather a combination of phenotypic 
 features, possibly with functional signifi cance, that helps identifying senescent cells. 
The following is a short summary of the most reliable markers currently in use.

    1.     Cell enlargement . Flatness and enlarged cell shape of senescent cells was already 
reported in the seminal work of Hayfl ick and Moorhead [ 68 ], who fi rst described 
the phenomenon of replicative senescence of human fi broblasts. An obvious 
marker for senescent cells is the lack of DNA replication, which is typically 
detected by the incorporation of 5-bromodeoxyuridine or  3 H-thymidine. 
However, the latter markers do not discriminate between senescent cells and 
quiescent or differentiated post-mitotic cells.   

   2.     SA - β - gal activity . Since it was fi rst reported [ 47 ], SA-β-gal activity has been the 
most widely utilized biomarker in detecting senescent cells because of the sim-
plicity of the assay method and its apparent specifi city for senescent cells. This 
histochemical stain identifi es replicative senescence in a variety of cell types 
in vitro. Moreover, SA-β-gal activity has been detected in organs of old individu-
als and animals, suggesting that cellular senescence is an aging trait of organisms 
and that senescent cells accumulate with age in various tissues [ 142 ]. A major 
drawback of this marker is that it has no known functional signifi cance towards 
the establishment of the senescence phenotype. In fact, SA-β-gal is thought to 
increase in senescent cells due to the expansion of lysosomes, which contain a 
specifi c β-galactosidase enzyme activity that can be measured at pH 6.0 and 
appears to be selective for senescent cells [ 47 ].   
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   3.     DNA damage foci . The use of DNA damage foci has been suggested as a marker 
for the detection of senescent cells [ 182 ]. Both DNA double-strand breaks (DSB) 
and telomere uncapping [ 42 ] are able to induce a DNA damage response (DDR). 
This reaction is characterized by activation of the ataxia telangiectasia-mutated 
(ATM)/ataxia telangiectasia-mutated and Rad3-related (ATR) protein complex, 
which is recruited to the site of damage, causing the phosphorylation of Ser-139 
of histone H2AX molecules (γ-H2AX) next to the site of DNA damage. The 
phosphorylation of histone H2AX facilitates the focal assembly of checkpoint 
and DNA repair factors, such as 53BP1, MDC1/NFBD1 and NBS1, and also 
mediates the activation by phosphorylation of Chk1 and Chk2, which converge 
the signal on p53/p21 [ 12 ].   

   4.     Expression of inhibitors of cell cycle progression . The cyclin-dependent kinase 
inhibitor (CDKI) p16 is an important regulator of senescence and is expressed by 
many senescent cells [ 19 ]. Investigation of the signalling pathways leading to 
oncogene-induced senescence (OIS, see the following sections) has shown that 
two main pathways are involved in cell cycle arrest, p16INK4a–RB (retinoblas-
toma) and ARF–p53. Among the important components of these pathways are 
CDKIs. CDKIs inhibit critical cell cycle-regulatory phosphorylation events, 
such as those that inactivate the growth-suppressive activity of pRB [ 166 ]. One 
such CDKI, p21CIP1/WAF1 (CDKN1A), is a direct target of p53 transactiva-
tion, generally in response to genomic damage, and is crucial for establishing 
and maintaining the p53-mediated senescence growth arrest. Another CDKI, 
p16INK4a (CDKN2A), is a tumour suppressor in its own right, can be induced 
by stress that does not entail DNA damage, and acts upstream of pRB to estab-
lish the pRB-regulated growth arrest [ 165 ].      

3.2.3     What Are the Triggers of Cell Senescence? 

 Besides the classical replicative senescence described by Hayfl ick after repeated 
passages in vitro, a number of other stimuli are also able to elicit the senescence 
phenotype, both in cultured cells and in animal tissues (Fig.  3.1 ). Known senescence- 
inducing stimuli are the following: 

    1.     Telomere uncapping . Replicative DNA polymerases lack the capacity to replicate 
completely the terminal ends of linear DNA molecules, a function that is propri-
etary of a specialized DNA polymerase known as telomerase. However, most 
mammalian somatic cells do not express telomerase and this leads to the progres-
sive and cumulative loss of telomere-protective sequences from chromosome 
ends. The telomere-binding complex of proteins, known as shelterin, together 
with telomere DNA, functions as a dynamic unit that protects chromosome ends 
from being recognized as broken DNA [ 132 ]. When telomeres are critically 
eroded, they are recognized by DNA repair machinery as DSB, thereby enforcing 
a DDR leading to irreversible cell cycle arrest, the so-called replicative  senescence, 
which coincides with Hayfl ick’s limit [ 68 ,  127 ].   
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   2.     DNA damage by genotoxic agents . Genotoxic agents such as radiation (X or 
γ-rays, UV) or DNA-interacting drugs (e.g., bleomycin, doxorubicin, mitomycin) 
cause DNA double-strand breaks (DSBs). DSB is a type of DNA damage which 
occurs when two nearby complementary strands of the double helix of DNA are 
damaged simultaneously. DSB is the most dangerous type of DNA damage, 
because it has been suggested that a single unrepaired DSB is suffi cient for the 
initiation of the cell death program [ 153 ].   

   3.     DNA damage by oxidative stress . The generation of ROS has been associated to 
the DDR induced by DSBs and has been implicated in the shortening of telo-
meres and hence in “replicative senescence” [ 177 ,  181 ]. Telomeres are indeed 
emerging as perfect oxidative stress sensors as they are particularly sensitive to 
oxidative DNA damage. The reason is twofold: fi rst, they acquire DNA damage 
at a faster rate than the rest of genome. This is due to triple-G structure, present 
in telomeres of all eukaryotes, which are exquisitely sensitive to oxidative 
 damage. Second, the repair of the damage is less effi cient at telomeres probably 

  Fig. 3.1    Various stimuli can perturb the integrity or stability of the genetic information and trigger 
cell death or cell senescence. The extent of damage is critical in determining the type of outcome       
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due to telomere-binding proteins that restrict access to telomeric DNA by repair 
complexes [ 139 ]. 

 In fact, according to a proposed hypothesis, all DNA-damaging agents induce 
cell senescence via interaction with telomeres, i.e., telomeric DNA damage, 
however induced, is the ultimate trigger of senescence, due to its inherent irrepa-
rable nature [ 59 ,  70 ].   

   4.     DNA damage by oncogenic or hyper - proliferative signals . Oncogenes are mutant 
versions of normal genes that have the potential to alter the cell behaviour 
towards a transformed phenotype. Normal cells respond to the activation of some 
oncogenes by eliciting a senescent phenotype76. Because oncogenes that induce 
senescence stimulate cell division, the senescent response could be aimed at 
counteracting excessive activation of the cell cycle, which would disrupt normal 
homeostatic mechanisms for the control of tissue mass [ 30 ,  109 ]. The pathways 
mediating “oncogene-induced senescence” (OIS) are not completely elucidated, 
but the proliferative arrest involves activation of both Rb and p53 pathways [ 18 ]. 
OIS is often accompanied by the up-regulation of the CDK inhibitors, p15/
INK4B, p16/INK4A, and p21/CIP1. It has been proposed that OIS might be 
mediated, at least in part, by oxidative mechanisms exerted not directly on the 
DNA molecule, but on DNA precursor deoxynucleotide pools [ 145 ]. This 
hypothesis is based on the fi nding that overexpression of the enzyme 8-oxo- 
dGTPase, human MutT homolog 1 (MTH1), which repairs ROS-damaged dGTP, 
is able to prevent H-Ras-induced DDR and cell senescence, although levels of 
RAS-induced ROS were unaffected [ 146 ].    

3.2.4       The Senescence-Associated Secretory Phenotype 

 As already mentioned, an additional feature of senescent cells indicating their active 
participation in the homeostasis of the host tissue is the presence of a distinct secre-
tory phenotype, variously referred to as SASP [ 40 ] or senescence messaging secre-
tome (SMS) [ 92 ]. The latter includes a striking enhancement in the secretion of 
growth factors and cytokines by senescent cells, hence exerting a broad range of 
effects on the local tissue environment [ 155 ]). 

 Proteins that are known to stimulate infl ammation, including IL-6, IL-8, IL-1, 
granulocyte macrophage colony-stimulating factor (GM-CSF), growth-regulated 
oncogene (GRO)α, monocyte chemotactic protein (MCP)-2, MCP-3, MMP-1, 
MMP-3, and many of the insulin-like growth factor (IGF)-binding proteins [ 93 ,  155 ] 
are among the most robustly induced and secreted factors in the SASP response. 

 The SASP infl ammatory cytokines are of particular interest because they can 
play a role in many age-related pathologies [ 31 ]. In addition to being infl ammatory 
mediators, IL-6 and IL-8 were shown to belong to a minor number of secreted 
 factors which also reinforce the senescence phenotype via autocrine and paracrine 
mechanisms [ 1 ,  91 ]. 
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 The mechanisms that initiate and maintain the SASP are unclear. IL-1α and 
IL-β are minor SASP components which, compared to IL-6 and IL-8, are secreted 
at low levels. IL-1 (α/β forms) is a multifunctional cytokine that regulates infl am-
matory and immune responses mainly by originating a signal transduction cascade 
which lastly induces IL-6 and IL-8 expression. Recombinant IL-1α and IL-1β 
interact with the same receptor (IL-1R) and mediate similar biological effects. 
However, IL-1β is active only as a mature secreted form, while IL-1α is rarely 
secreted at high levels and produces effects either intracellularly or as a cell sur-
face-bound protein. In addition, IL-1α, differently from IL-1β, can function both as 
an uncleaved precursor protein (pIL-1α) or as a cleaved protein. Once IL-1R binds 
its receptor, IL-1 initiates the formation of a complex containing IL-1R and its 
coreceptor (IL-1RAcP) [ 4 ,  105 ,  107 ,  129 ]. This complex triggers a series of cyto-
plasmic events that ultimately activate the transcription factor NF-κB. The latter 
then transactivates numerous genes, including those encoding IL-6 and IL-8 [ 123 ]. 
As already mentioned, a most prominent cytokine of the SASP is IL-6, a pleiotro-
pic pro-infl ammatory cytokine. IL-6 secretion has been shown to increase mark-
edly after DNA damage and OIS of mouse and human keratinocytes, melanocytes, 
monocytes, fi broblasts, and epithelial cells [ 91 ]. 

 The senescence response, and the SASP in particular, may impact health and 
lifespan by stimulating both the low level infl ammation associated with aging [ 58 ] 
as well as the development of specifi c age-related diseases [ 123 ].  

3.2.5     Oxidative Stress, Aging, and Senescence 

 Since the fi rst proposal of the “Free Radical Theory of Aging” by Harman almost 
60 years ago [ 66 ], oxidants have been inextricably linked to aging. Evidence 
obtained from a variety of experimental systems has supported the existence of an 
association between increased accumulation of ROS and accelerated aging [ 16 ]. 
Furthermore, experimental manipulations that increase lifespan in invertebrates and 
rodents, such as caloric restriction, correlate to increased resistance to oxidative 
stress or reduced oxidative damage [ 104 ,  168 ]. Obviously, a simple correlation does 
not establish a causal link per se and complex manipulations, as in case of caloric 
restriction, do exert a plethora of effects that are diffi cult to interpret on mechanistic 
grounds. 

 On the other hand, analysis of several (at least 18) animal models with altered 
expression of genes involved in ROS generation and detoxifi cation have failed to 
confi rm the presence of a constant and linear inverse association between levels of 
oxidative stress and longevity [ 143 ]. Thus, mice emizygous for the enzyme 
manganese- superoxide dismutase (MnSOD) or glutathione peroxidase 1 (GPX1) 
are more sensitive to oxidative stress, have increased levels of DNA damage, and 
yet their life span is comparable to that of WT animals [ 180 ]. Moreover, transgenic 
mice overexpressing CuZnSOD were more resistant to oxidative stress induced by 
chemicals and had reduced levels of lipid peroxidation, but their lifespan was not 
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prolonged compared to WT controls [ 75 ]. Similar data were obtained in mice over-
expressing catalase and, most intriguingly, in animals that were double transgenic 
for CuZnSOD and catalase [ 143 ]. 

 Another notable exception to the ROS-based theory of aging is the longest-living 
rodent known, the naked mole rat, whose maximum lifespan can be as long as 28 
years. These animals, with a body mass slightly larger than a mouse, exhibit persis-
tent higher levels of lipid peroxidation, protein carbonylation, and DNA oxidative 
damage than do mice [ 3 ]. 

 Adding further to the contention, no evidence has been obtained so far that 
dietary supplementation with anti-oxidants can extend lifespan, with some studies 
showing in fact a negative effect in this regard [ 14 ,  140 ]. 

 As mentioned earlier, there is also controversy as to the nature of the relationship 
between aging and cellular senescence. While the two processes have been often 
associated under the common denominator of ROS-related molecular damage 
[ 167 ], with the ensuing slow accumulation of biological “garbage” underlying both 
phenomena [ 173 ], recent data suggest a more complex interplay between aging, cell 
senescence, and ROS. 

 Such a new orientation is best exemplifi ed by the hypothesis proposing the exis-
tence of a positive feedback mechanism between ROS production and the emergence/
stabilization of the senescence phenotype [ 138 ]. This hypothesis builds on early 
observations describing the critical role of p21 for the establishment of a complete 
senescence phenotype: late passage, p21-defi cient fi broblasts displayed markers of 
replicative senescence but were still able to complete S-phase when culture in vitro, 
while p21-expressing fi broblasts were cell cycle arrested [ 49 ]. Along the same line, it 
was later reported that p21-induced cell senescence was critically dependent on the 
generation of ROS: inhibiting ROS production was able to rescue the p21-dependent 
senescence phenotype [ 106 ]. Subsequent studies have confi rmed and extended these 
concepts: a cell experiencing genotoxic stress activates the DDR and a stable cell 
cycle arrest through the induction of p21. Prolonged expression of p21 is able to alter 
mitochondrial stability, via activation of a pathway which includes GADD 45, 
p38MAPK, and TGFβ, leading to increased production of ROS. The fi nal step of 
this feedback loop is the reinforcement of the DDR via mitochondrial ROS, causing 
the emergence of a stable senescence phenotype [ 138 ]. Relevant to the point, a critical 
role of ROS, and more specifi cally H 2 O 2  signalling, was also proposed for Ras-
induced replicative senescence in human diploid cells [ 100 ]. 

 This type of data clearly implies a profound reconsideration of the role of ROS 
in cell senescence. The “classical” view is centred on the concept that ROS-induced 
damage, including DNA damage, is a primary trigger for cell senescence; however, 
the above data indicate that the sequence of events can be reversed, i.e., increased 
generation of ROS can be a consequence of DNA damage and can follow the activa-
tion of a DDR (Fig.  3.2 ). In addition, ROS emerge as important signalling mole-
cules to establish and/or reinforce the senescence phenotype, at least in presence of 
DNA damage. In fact, ROS production is stimulated through a specifi c signalling 
pathway and these molecular species appear to act in turn as signalling mechanism 
to reinforce and stabilize cell senescence. These fi ndings are very intriguing and 
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suggest that (1) ROS should no longer be regarded as mere accidental by-products 
of cellular metabolism and they can be actively produced as signalling molecules in 
the context of cell senescence. Furthermore, (2) the phenotype of senescent cells 
appears to be susceptible to modulation and is dependent, at least initially, on the 
generation of mitochondrial ROS. Clearly, these concepts represent a signifi cant 
depart from the paradigm of a cell as a passive victim of ROS and open new possi-
bilities for active intervention in controlling these signalling pathways.  

 The concept of ROS as signalling molecules reinforcing the senescence pheno-
type was further extended in a recent report describing what has been referred to a 
bystander effect in cell senescence [ 125 ]. It was shown that senescent fi broblasts 
induce a DDR, in neighbouring cells. Furthermore, the effect was dependent on the 
presence of functional gap junctions and involved generation of ROS. Interestingly, 
hepatocytes expressing high levels of 4-hydroxy-nonenal (4-HN), a product of lipid 
peroxidation and a possible signalling molecule [ 137 ], clustered together in the liver 
of mice [ 125 ]. While this phenomenon is very intriguing, its functional signifi cance, 
if any, is diffi cult to discern at the moment.  

3.2.6     Oxidative Stress and Cell Senescence in the Liver 

 Oxidative stress is invariably associated to the pathogenesis of both acute and 
chronic liver disease ([ 108 ]; see other chapters in this book). For example, the activ-
ity of many enzymes involved in lipid metabolism is regulated by the redox status 

  Fig. 3.2    Panel  a  ( left ). Activation of DNA damage response (DDR) includes increased generation 
of ROS. Depending on the extent of DNA damage and/or the amount of ROS generated, the out-
come can result in (1) effi cient DNA repair (very low damage and/or low ROS); (2) massive dam-
age and/or massive generation of ROS leading to cell death; or (3) unstable senescence phenotype 
with low levels of ROS reinforcing senescence. Panel  b  ( right ) highlights the pathway related to 
the DDR and leading to increased generation of ROS in mitochondris to reinforce the senescence 
phenotype       
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of hepatocytes [ 164 ], and it is therefore not surprising that ROS have been impli-
cated in the origin of both alcoholic and non-alcoholic steatohepatitis [ 154 ,  189 ]. 
On the other hand, lipid metabolism can impact the redox balance of hepatocytes 
[ 164 ], raising the possibility that increased generation of ROS could be a conse-
quence, and not necessarily the cause, of steatohepatitis. 

 The role of cell senescence as an important third party in between ROS and liver 
injury is emerging with increasing evidence. The occurrence of both parenchymal 
(hepatocyte) and non-parenchymal cell senescence has been reported in numerous 
clinical and experimental studies, particularly in association with chronic liver dis-
ease, including neoplastic disease [ 7 ,  134 ,  136 ,  184 ]. 

 The picture emerges can be summarized as follows. The presence of cell senes-
cence in hepatocytes is generally associated with progression and/or worst prognosis 
of the underlying disease. For example, hepatocyte senescence and a decreased regen-
erative capacity were reported in the liver of c-myc/TGF-α double transgenic mice, 
and this was associated with a high incidence of hepatocellular carcinoma (HCC) 
[ 53 ]. Similarly, shortened telomeres and other markers of cell senescence were highly 
expressed in human hepatocytes from livers with chronic viral hepatitis and HCC 
[ 21 ,  134 ] and were associated to progression of liver cirrhosis [ 184 ]. Furthermore, cell 
senescence, including hepatocyte senescence, was reported in liver of children with 
end stage liver disease, suggesting that this phenotypic change is linked to the disease 
process, rather than to aging per se [ 63 ]. More recently, a positive correlation was 
found between expression of senescence markers in hepatocytes and progression of 
both alcoholic [ 6 ] and non-alcoholic [ 7 ] fatty liver disease; in fact, the use of these 
markers was proposed as a prognostic tool in the clinical setting. 

 In many of the above studies, correlating hepatocyte senescence to increasing 
gravity of liver disease, a mechanistic link has been implied, the underlying hypoth-
esis being that senescent hepatocytes secrete a variety of cytokines, growth factors, 
and ECM-degrading proteases that may impact the evolution of the disease process. 
In line with this interpretation, we have recently reported that extensive hepatocyte 
senescence is present in the neoplastic-prone microenvironment induced by retror-
sine in rat liver (Fig.  3.3 ) [ 95 ,  163 ]. Retrorsine is a naturally occurring pyrrolizidine 
alkaloid, known for its ability to exert a long-lasting cell cycle block on hepatocytes 
in vivo [ 94 ]. It is enzymatically activated to toxic metabolites that can bind DNA 
and induce a persistent DDR [ 185 ]; in addition, DNA adducts consistent with the 
presence of chronic oxidative stress were detected in the liver of retrorsine-exposed 
rats (Peluso M. and Laconi E., unpublished observation). Using an orthotopic model 
for hepatocyte transplantation developed in our laboratory, it was observed that the 
senescent microenvironment induced by retrorsine in rat liver, including activation 
of SASP, is able to support the growth and progression of transplanted preneoplastic 
hepatocytes [ 95 ]. Moreover, clearance of retrorsine-induced senescent hepatocytes 
and attenuation of SASP resulted in a delay in the emergence of HCC [ 110 ]. While 
a direct mechanistic link between cell senescence and the neoplastic-prone micro-
environment induced by retrorsine remains to be proven, the evidence obtained so 
far is strongly supportive of this hypothesis.  

 A radical turn away from this line of thought has been proposed in a recent study 
describing the clearance of putative pre-malignant senescent hepatocytes by the 
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immune system. It was reported that N-ras-expressing senescent mouse hepatocytes 
were deleted by a specifi c T-cell-mediated immunological response. Furthermore, 
N-ras-specifi c Th1 lymphocytes were detected in these animals and inhibition of 
such process of “senescence surveillance” by the immune system was associated 
with a high incidence of HCC [ 83 ]. 

 While these results are very intriguing, the suggested conclusions are at odds with 
current concepts regarding the nature of cell senescence. The main contention of this 
study is in fact the existence of putative “pre-malignant senescent hepatocytes”, which 
are able to progress to cancer if left unchecked [ 25 ,  83 ,  124 ]. This concept is diffi cult 
to reconcile with the current understanding of cell senescence. In fact, phenotypic 
senescence is thought to represent a fail-safe mechanism against the possibility for 
malignant transformation in damaged cells [ 18 ]; however, the results of the study 
imply that senescent cells are actually a population at risk for neoplastic  progression, 
unless they are removed by a specifi c immune response mediated by T lymphocytes. 
Within this perspective, pre-malignant senescent cells no longer express a stable 

  Fig. 3.3    Panels  a  and  b . Standard histological staining (H&E) showing a normal rat liver ( left ) and 
a rat liver exposed to retrorsine ( right ). Note the presence of enlarged hepatocytes (megalocytes), 
one of the hallmarks of cell senescence. In the lower panels,  c  and  d , histochemical staining for 
senescence-associated beta-galactosidase (SA-beta-Gal) is shown. Panel  c  is from a normal rat 
liver. In Panel  d , from a liver exposed to retrorsine, both hepatocytes and non-parenchymal cell 
express high levels of this SA-beta-Gal, a marker of cell senescence       
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cell cycle arrest, i.e., they have lost one of the most consistent and almost defi ning 
phenotypes of cell senescence [ 30 ,  158 ]. 

 As already mentioned, these and other inconsistencies regarding the role and 
signifi cance of cell senescence will continue to persist and stimulate much needed 
additional research, at least until a more clear picture emerges on the intimate nature 
of this phenotype in various tissues and cell types and under different clinical or 
experimental conditions [ 144 ]. 

 Cellular senescence has also been described in the bile ductular epithelium of 
patients with primary biliary cirrhosis, indicating its possible involvement in the 
loss of bile ducts in the evolution of this disease [ 159 ]. 

 By contrast, phenotypic senescence in stellate cells has been generally correlated 
with a better disease outcome, notably during the evolution of liver fi brosis [ 17 ,  85 , 
 87 ,  89 ]. Initial in vitro studies indicated that senescent stellate cells expressed a pro- 
infl ammatory phenotype and reduced levels of pro-fi brogenic ECM components, 
including collagens, tenascin, and fi bronectin [ 162 ]. These results were later repli-
cated in vivo: it was shown that mutant mice harbouring a disrupted pathway to cell 
senescence specifi cally targeted to stellate cells were more prone to develop chemi-
cally induced liver fi brosis compared to wild-type controls [ 89 ]. 

 However, exceptions to the hypothesis proposing a benefi cial effect of stellate 
cell senescence are now emerging. For example, it has been recently reported that 
the obesity-associated gut microbiome promotes the growth of HCC via induction 
of senescence in hepatic stellate cells [ 188 ], an observation that parallels results of 
previous studies relating HCC and hepatocyte senescence [ 21 ,  134 ].   

3.3     Oxidative Stress and Liver Regeneration 

 As with the intricacies of aging and cell senescence, ancient western mythology has 
also anticipated, conceptually, the remarkable phenomenon of liver regeneration. 
Both Sumerian [ 174 ] and Greek [ 152 ] civilizations entertained a similar myth narra-
tion of a terrible punishment infl icted by the Gods to the victim: the latter would be 
tortured each day by a huge eagle or vulture eating his liver, which then grew back 
each night, ready to be devoured again the next day. While there can be no certainty 
about the actual knowledge supporting mythological imagination, two fundamental 
concepts were hidden and implied in this fascinating narrative. First, the liver is 
endowed with enormous regenerative capacity, in that it is able to recover its mass 
over and over again after innumerable losses; in addition, liver mass can be restored 
very rapidly, in that the ritual punishment by the predatory birds could be repeated 
every day or every few days. 

 Several thousand years had to elapse before formal and reproducible evidence 
of the regenerative capacity of the liver could be provided. Scattered observations 
on this topic appeared in the literature during the nineteenth and early twentieth 
 century [ 56 ,  120 ]. However, sound scientifi c studies of the process could be really 
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undertaken only after the publication of the now classical report of Higgins and 
Anderson [ 71 ], who described a simple surgical procedure to perform partial hepa-
tectomy in the rat. It was during the 60s and the 70s of the last century that the 
exploitation of this experimental tool, particularly through the work of Nancy 
Bucher and her group [ 22 ], paved the way for the quantitative analysis of liver 
regenerative process. 

 The overall information derived from these studies provided important details on 
the rate and kinetics of response of parenchymal and non-parenchymal liver cells 
following partial (usually two thirds) surgical hepatectomy. On the other hand, the 
regenerative response of the liver turned out to display a few unique and important 
biological features such that it became a general reference model system for the 
analysis of cell proliferation and cell cycle regulation in vivo. First, most cell popu-
lations in the liver, including hepatocytes, are largely quiescent in the normal adult 
animal (and human), implying that, for practical purposes, they can entirely be 
attributed to the G 0  stage of the cell cycle. Second, when two-thirds partial hepatec-
tomy (PH) is performed in young adult animals, at least 80 % of the remaining resi-
dent hepatocytes enter the cell cycle and participate in the regenerative response, 
i.e., a percent fraction comparable to that obtained under optimum  in vitro  condi-
tions. Third, the response of the hepatocytes is remarkably synchronous, at least for 
the fi rst 24–36 h, such that biochemical and molecular changes associated with the 
unfolding of cell cycle phases can be analysed with great detail in a homogeneous 
cell population [ 119 ]. 

 On a different level of analysis, the regenerative response of the liver to PH rep-
resents one of best examples epitomizing a defi ning feature of complex multicellu-
lar organisms, i.e., their ability to exert a continuous and accurate control over the 
size of any tissue throughout the body [ 109 ]. In fact, hepatocytes and other cell 
types perceive and respond to “signalling” cues within minutes post-PH, setting in 
motion a long sequence of events culminating in the restoration of the liver mass; 
once this end point is achieved, the response subsides. Such a seemingly simple, but 
in fact highly integrated capacity, lies at the very hearth of the essence of metazoans 
as societies of cells; and yet, very little is known on the mechanisms enforcing 
maintenance of this fi ne homeostatic balance. 

 In this regard, identifi cation of possible triggers initiating the process of liver 
regeneration may provide important insights on general strategies overlooking the 
assembly of multicellular organisms in defi ned cell and tissue type ratios. 
Incidentally, it is certainly not by a mere coincidence that the liver is one of the most 
investigated mammalian organs in the context of the hippo pathway and its possible 
involvement in the control of organ size [ 5 ,  9 ,  133 ]. 

 Thus, liver regeneration following PH represents a most useful model system to 
investigate fundamental questions in basic biology and both basic and clinical hepa-
tology, including the regulation of the cell cycle in vivo, mechanisms of tissue 
repair, and regeneration and the homeostatic control of organ size. In the next para-
graphs, the involvement of ROS in the unfolding of hepatocyte cell cycle and liver 
regeneration will be discussed in light of the above considerations. 
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3.3.1     The Cell Cycle as a Redox Cycle 

 Eukaryotic cell cycle is a highly coordinated process disseminated with check 
points, restriction points, and licencing steps, in order to ensure that the two daugh-
ter cells originating from mitotic division receive an equal complement of genetic 
material. Complex signalling pathways are set in motion, culminating in the initia-
tion of DNA replication, which is followed, upon completion, by the mitotic 
division. 

 The cell cycle is essentially driven by different types of cyclins and related cyclin-
dependent kinases (CDKs). The D-type cyclins (D1, D2 and D3) are expressed dur-
ing G1 and at the G1–S border and are important to traverse the restriction (R) point 
towards commitment to the S phase [ 135 ]; cyclin E is also involved in the G1–S 
transit, while cyclin A is expressed during S phase and, together with cyclin B, is 
important during the transit through G2. Finally, progression through mitosis is 
dependent upon the expression of cyclin B. All cyclins exert part of their regulatory 
functions via binding and activation of partner CDKs, which in turn phosphorylate 
critical targets involved in cell cycle progression. Thus, as an example, cyclin D1 
binds and activates the CDK4/CDK6 complex, leading to phosphorylation of the 
retinoblastoma family of proteins (pRb), thereby releasing their inhibitory effect on 
E2F. The latter are transcription factors controlling the expression of several genes 
whose products regulate cell cycle progression through multiple mechanisms, includ-
ing feedback effects on pRb phosphorylation [ 98 ]. 

 At least two more levels of complexity add to the intricate wiring of cell cycle 
regulation through phosphorylation processes. A series of dual specifi c phospha-
tases, including CDC25 (A, B and C), can act to remove phosphate groups from 
threonine or tyrosine residues on CDKs, resulting in activation of cyclin/CDK com-
plexes. Furthermore, CDKs can be targeted by specifi c inhibitors (CDKIs), including 
two main families: the INK4 (inhibitors of CDK4) and the CIP/KIP (cyclin/kinase 
inhibitory protein) proteins. Members of the INK4 family are p15 (INK4B), p16 
(INK4A), p18 (INK4C), and p19 (INK4D); they can bind and inhibit the kinase 
activity of CDK4/CDK6 complexes. On the other hand, the KIP family, including 
p27 (KIP1) and p57 (KIP2), targets mainly cyclinE/CDK2 complexes, while p21 
(CIP1) has the ability to block all CDKs [ 50 ,  160 ]. 

 The increasing relevance that redox mechanisms are being attributed in the regu-
lation of the cell cycle is best exemplifi ed by the emerging concept that the cell 
division cycle is in fact paralleled and possibly controlled, at least in part, by a redox 
cycle [ 26 ,  36 ]. To be true, this concept is not exactly new, in that it was introduced 
over 80 years ago, when it was observed that soluble intracellular thiols displayed a 
cyclic pattern during mitotic division in sea urchin eggs [ 147 ]. It was later shown 
that variations in the redox status were also present in cycling mammalian cells, 
notably between mitotic phase and interphase [ 62 ,  113 ]. However, formal evidence 
for the existence of a redox cycle running in association with the cell division cycle 
was presented more recently in a landmark study performed in yeast [ 179 ]. It was 
reported that over half of the yeast genome, including genes specifying functions 
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associated with metabolism, tend to be expressed with exceptionally robust 
 periodicity; furthermore, essential cellular events, including cell division cycle, 
occur in synchrony with the metabolic cycle. Three distinct phases of the yeast cell 
redox cycle were described, with the cell division cycle beginning during a more 
oxidative phase, while DNA synthesis and mitosis coincided with a more reductive 
phase [ 179 ].  

3.3.2     The Redox Balance and Redox Sensors 

 The redox status of the cell results from a fi ne balance between the rate of production 
of oxidative species and the levels of antioxidant mechanisms. Generation of ROS 
occurs mainly in mitochondrial electron transport chain and from the activity of 
other enzymes such as xanthine oxidases, nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases, cytochrome P450s, myeloperoxidase, and nitric oxide 
synthase [ 114 ]. On the other hand, antioxidant barriers comprise both enzymatic and 
non-enzymatic mechanisms. Antioxidant enzymes include superoxide dismutase 
(SOD), catalase, glutathione peroxidase, glutaredoxin, thioredoxin, and peroxire-
doxin. Three different SODs are known to exist in mammalian cells: MnSOD, 
located in mitochondria; CuZnSOD, expressed in the cytoplasm, in the nucleus as 
well as in mitochondria; and an extracellular SOD (EcSOD), bound to the external 
side of the plasma membrane. All SODs convert the superoxide anion (O 2− ) into 
hydrogen peroxide (H 2 O 2 ), while H 2 O 2  is acted upon by catalase, located mostly in 
peroxisomes, and glutathione peroxidase, distributed in various subcellular organ-
elles. Non-enzymatic antioxidants include small molecules such as glutathione, cys-
teine, and vitamins C (ascorbic acid) and E (α-tocopherol). Evidence also indicates 
that the redox equilibrium is set at different steady state levels in different cellular 
compartments [ 61 ,  73 ,  76 ], suggesting that its regulation is specifi cally important for 
each cellular function. 

 There is now ample evidence to indicate that the reversible oxidation-reduction 
cycle in specifi c cysteine residues in several proteins is intimately involved in the 
regulation of virtually every cellular function [ 26 ]. Therefore, it makes much bio-
logical sense that, in order to maintain and fi ne tune redox balance, cells are 
equipped with complex sensing mechanisms, which are able to regulate production 
and/or degradation of ROS acting on several enzymes and interconnected metabolic 
pathways [ 45 ,  64 ]. An important role in this context is played by the forkhead box 
O (FOXO) family of transcription factors, of which there are four in humans 
(FOXO1, FOXO3a, FOXO4, and FOXO6) [ 156 ]. These proteins have been impli-
cated in processes as diverse as cell cycle regulation and arrest, apoptosis, ROS 
scavenging, DNA damage repair, and are the orthologs of longevity-associated 
DAF-16 in  C. elegans  [ 8 ]. The activity of FOXO is regulated by two main types of 
input: insulin receptor signalling and ROS. The effect of insulin is to inhibit FOXO 
transcriptional activity by preventing its shuttling to the nucleus; however, regulation 
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by ROS appears to be far more complex and leads to a wide spectrum of functional 
consequences, from transcriptional inhibition, to stimulation, to a shift in transcrip-
tional targets [ 27 ]. It is precisely this versatility in FOXO responses to ROS that 
make this protein central to the fi ne tuning of redox balance [ 45 ]. Regulation of 
FOXO occurs mainly through post-translational modifi cations, including phosphor-
ylation by mitogen-activated protein kinase (MAPKs) [ 51 ,  187 ], acetylation by 
p300/cAMP responsive element binding (CREB), binding protein (CBP), and 
deacetylation by Sirt1 [ 20 ,  43 ] and ubiquitinylation by MDM2 [ 74 ]. The picture that 
is emerging from this multitude of information is that FOXO functions as a central 
player in the control of redox status and in orchestrating cellular responses to stress. 
Downstream consequences of FOXO binding to DNA include an increased resis-
tance to stress, which is accomplished through up-regulation of antioxidant enzymes 
(e.g., MnSOD), withdrawal from the cell cycle (e.g., up-regulation of p27), and 
metabolic regulation [ 35 ,  72 ,  122 ]. 

 However, for the message to be conveyed to FOXO transcription factors, the 
direct cellular sensors of the redox status appear to reside in the cysteine groups of 
specifi c proteins involved in cellular pathways regulating FOXO activity. 
Interestingly, this was found to be the case for both insulin and ROS-regulated path-
ways impinging on FOXO transcriptional activity. 

 In fact, many of the proteins involved in the signal cascade downstream of insu-
lin receptor binding appear to be regulated, at least in part, by ROS acting on critical 
cysteine residues. These include: (1) protein tyrosine phosphatase 1b (PTP1b), 
which targets both e insulin receptor and insulin receptor substrate 1 (IRS1) [ 175 ]; 
(2) the phosphatase and tensin homolog (PTEN), which dephosphorylates 
phosphatidylinositol- 3-phosphates (PI3P), thereby abrogating the effect of 
phosphatidylinositol- 3-kinase (PI3K) acting downstream of the insulin receptor 
[ 101 ]; (3) protein kinase B (PKB)/Akt), which directly phosphorylates FOXO and 
inhibits its DNA binding and transcriptional activity [ 88 ]. Similarly, the c-Jun 
N-terminal kinase (JNK), which activates FOXO through phosphorylation, is in 
turn controlled by other proteins possessing cysteine groups susceptible to modula-
tion by ROS [ 38 ]. A cross talk has also been described between insulin and ROS- 
regulated pathways of FOXO activation [ 156 ]. 

 Finally, and most intriguingly, cysteine groups in FOXO protein itself can be 
a target of ROS. Acetylation by p300/CBP acetylases, which is able to modulate 
FOXO transcriptional activity, is impaired following oxidation of specifi c cys-
teine residues in the molecule, indicating that FOXO can act as a direct redox 
sensor [ 43 ]. 

 Another protein exquisitely designed as a redox sensor in mammalian cells is the 
NF-E2-related factor 2 (Nrf2). This transcription factor is normally targeted to pro-
teasomal degradation via binding with the E3 Ubiquitin ligase Cullin-3 complex; 
however, oxidation of critical cysteine residues in Nrf2 prevents formation of the 
ubiquitin complex, leading to the translocation of Nrf2 to the nucleus, where it binds 
to the antioxidant responsive element (ARE) of several genes coding for antioxidant 
enzymes [ 103 ,  150 ].  
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3.3.3     ROS and the Cell Cycle 

 The dual role of ROS, as both toxins and signalling molecules, already discussed 
with reference to cell senescence, becomes even more evident in the context of cell 
replication. While low levels of H 2 O 2  (0.02–0.13μM) were found to stimulate pro-
liferation of NIH3T3 fi broblasts, higher levels (0.25–2μM) were conducive to 
growth arrest and cell death [ 97 ]. Several lines of evidence do indicate that, in mam-
malian cells, low levels of H 2 O 2  are essential to enter the cell cycle. For example, 
mouse embryo fi broblasts required a transient increase in pro-oxidant levels to pro-
ceed from G1 to S phase, and adding  N -acetyl-cysteine, a known anti-oxidant, was 
suffi cient to block this transition [ 115 ]. Furthermore, response to EGF, FGF, PDGF, 
insulin, and other growth factors is associated with a transient NADPH-dependent 
increase in H 2 O 2  [ 23 ,  33 ]. Similarly, growth in vitro of mouse embryonic stem cells 
induced by peroxisome proliferator-activated receptor delta (PPARδ)-agonist is criti-
cally dependent on ROS generation and it is blocked by antioxidants [ 78 ]. The p53R2 
small subunit of ribonucleotide reductase, which plays a key role in supplying precur-
sors for DNA and is therefore expressed during S phase of the cell cycle, is also a 
scavenger for H 2 O 2, , and this activity is relevant to its enzymatic function [ 186 ]. 

 On the other hand, it is well known that high levels of oxidants lead to a block 
in the cell cycle, cell senescence, and apoptosis, as discussed in the preceding sec-
tion. Among the targets mediating this effect is the transcription factor c-Fos, 
whose binding to DNA is stabilized by excess H 2 O 2 , thereby impairing cell cycle 
progression [ 24 ].  

3.3.4     Triggers of Liver Regeneration 

 Most molecular pathways involved in the initiation and the step-by-step completion 
of the cell division cycle have been characterized from in vitro studies. However, the 
specifi c features of the proliferative response of hepatocytes after PH, as outlined 
above, have provided the opportunity to compare the in vitro results with those 
obtained in a mammalian system in vivo. These studies have highlighted basic com-
monalities of the cell cycle process between in vitro synchronized cultures, includ-
ing hepatocyte cultures, and what is observed in vivo in the liver during the 
regenerative process. 

 Current knowledge on this topic can be summarized as follows. Hepatocyte cell 
cycle is mainly controlled by two types of growth factors, i.e., hepatocyte growth 
factor (HGF), which binds to the c-Met receptor in the plasma membrane, and 
ligands of the epidermal growth factor receptor (EGF-R), including EGF, trans-
forming growth factor (TGF)-α, amphiregulin, and heparin-binding EGF. Both 
HGF and EGF-R ligands are considered as  bona fi de  growth factors for hepatocytes 
in that they are potent inducers of DNA synthesis in vitro and are also able to stimu-
late a signifi cant mitogenic response in vivo [ 119 ]. However, several other factors 
are known to be important to facilitate or optimize the response of hepatocytes to 
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growth stimuli. Included in this list are cytokines such as tumour necrosis factor 
(TNF) and interleukin 6 (IL6), other growth factors such as vascular endothelial 
growth factor (VEGF) and fi broblast growth factor (FGF) 1 and FGF2, hormones, 
and neurotransmitters such as norepinephrine, serotonin, leptin, 27 insulin, 28, 29, 
30, Notch/Jagged signalling pathway, complement proteins, and bile acids. The role 
of these factors should not be overlooked: they do not appear to be essential for liver 
regeneration to complete, but they have a substantial impact on the timing and coor-
dination of the process [ 55 ,  118 ,  119 ]. 

 Within minutes after PH, important changes are already detectable in the rem-
nant liver. In fact, over 100 genes, which are not expressed at detectable levels in 
normal livers, are turned on soon after surgery. One of the earliest such changes is 
an increase in the activity of urokinase type plasminogen activator (uPA), associated 
with extensive remodelling of the extracellular matrix (ECM). The latter phenom-
enon is possibly related to major hemodynamic alterations occurring in the entire 
organ following removal of 2/3 of its mass, given that portal blood fl ow remains 
unchanged and it is now distributed into a reduced tissue volume. Irrespective of the 
underlying mechanism, matrix remodelling in the pericellulur space represents the 
main source of biologically active HGF, which is released from its binding to ECM 
and clived to its active form by uPA [ 111 ,  112 ] and matrix metallo-proteinases 
(MMPs), particularly MMP9 [ 116 ]. The release of HGF results in the activation of 
c-Met receptor at 30–60 min post-PH [ 170 ]. Following the early release of stored 
HGF, this growth factor is also newly synthesized in response to PH by both stellate 
cells and sinusoidal endothelium for up to 48 h post-hepactomy [ 99 ,  161 ]. 

 Signalling through the EGF receptor also increases within the fi rst hour post-
 PH. Its ligand EGF originates mainly from Brunner’s glands in the duodenum, 
which secrete this growth factor constitutively. While the relative increase in portal 
blood perfusion to the remnant liver could account per se for a more sustained EGF 
receptor signalling, other factors may be involved, including a possible potentiating 
role of HGF and norepinephrine on EGF-R sensitivity to its ligands [ 41 ] and a direct 
stimulation of EGF synthesis by norepinephrine [ 128 ]. 

 The role of TGFα in the response of hepatocytes to PH is less clear. Parenchymal 
cells are the main source of this growth factor, whose increase is seen after about 
3 h and lasts for over 48 h; given the time-course of its expression, it has been pro-
posed that it might exert a more important role in triggering non-parenchymal cell 
proliferation, including bile ductular and endothelial cells, possessing receptors for 
TGFα [ 118 ]. 

 Of all factors potentiating and coordinating the regenerative response to PH, not 
being directly mitogenic, insulin deserves special consideration. This hormone 
greatly enhances the effect of growth factors in vitro. Adequate supply of insulin to 
the liver through the portal circulation is essential to maintain normal liver structure 
and function. In fact, experimental porto-caval shunt leads to profound liver atrophy 
and this can be reversed by insulin administration [ 52 ]. On the other hand, it has 
long been known that liver regeneration is impaired in diabetic rats and insulin can 
reverse this defect [ 80 ]. 

 The Notch/Jagged signalling pathway is still poorly understood in its potential 
role during the regenerative response of the liver. It has been reported that binding 
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of Jagged to Notch and subsequent cleavage and nuclear migration of the cytoplas-
mic portion of the latter occurs within 15 min post-PH in rat liver [ 86 ]. On the other 
hand, activation of this pathway has been associated with both positive and negative 
effects on cell cycle progression [ 81 ,  126 ]. Its precise role during liver regeneration 
needs therefore to be further investigated.  

3.3.5     ROS and Liver Regeneration 

 Several lines of evidence have indicated that HGF/c-Met signalling, which emerges 
as the most critical pathway in the liver regenerative process, also participates in the 
defence mechanisms against oxidative stress and is a major determinant of cellular 
redox potential [ 82 ,  178 ]. In addition, c-Met ligation triggers phosphoinositide 
3-kinase(PI3K)/Akt activation, which in turn is involved in the control of redox 
homeostasis [ 131 ]. Interestingly, hepatocytes lacking c-Met receptor display over-
production of NADPH-generated ROS, associated with increased basal expression 
of a distinct set of genes implicated in the ROS defence [ 39 ,  84 ,  172 ]. Consistent 
with above results obtained in hepatocytes, it was reported that mice lacking the 
Prdm16 transcription factor, which promotes HGF expression, had increased levels 
of ROS and depletion of stem cells throughout the nervous and haematopoietic 
systems. Adding recombinant HGF to Prdm16-defi cient cells cultured in vitro par-
tially rescued the increase in ROS levels [ 37 ]. 

 Engagement of the EGF-R pathway has also been reported to impact on redox 
equilibrium and to act through modulation of ROS production and scavenging. 
Several studies have documented that EGF receptor signalling in hepatocytes is 
associated with down-regulation of ROS production and up-regulation of antioxi-
dant mechanisms [ 34 ,  57 ,  130 ,  157 ]. For example, rat hepatoma cells showing con-
stitutive overactivation of the EGF-R pathway can grow in the absence of serum and 
are protected from apoptotic signals; however, inhibition of EGF-R tyrosine kinase 
activity potently inhibits autocrine growth and induces apoptosis. The apoptotic 
effect correlates increased ROS production and glutathione depletion coincident 
with up-regulation of the NADPH oxidase 4 (Nox4) and down-regulation of the 
γ-glutamylcysteine synthetase (γ-GCS), a key regulatory enzyme of the glutathione 
synthesis [ 130 ]. In another study from the same laboratory, a cell line derived from 
mouse hepatocytes was cultured in the absence of amino acids, leading to loss in 
cell viability and apoptosis. However, a subpopulation of cells was able to survive 
and proliferate, showing resistance to apoptotic stimuli. Interestingly, these cells 
had increased activation of EGF-R pathway and overexpression of EGFR ligands, 
such as TGF-α and HB-EGF. While production of ROS was increased during amino 
acid deprivation, cells that survived showed an enhancement in the levels of reduced 
glutathione and a higher expression of γ-GCS, suggesting that they had adapted to 
counteract the oxidative stress [ 34 ]. 

 The Nrf2 transcription factor is a crucial regulator of the cellular redox homeo-
stasis through its capacity to induce the expression of antioxidant enzymes, including 
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glutathione S-transferase (GST) glutamate-cysteine ligase catalytic subunit (GCLC) 
and NAD(P)H quinone oxidoreductase 1 (NQO1) [ 77 ]. Interestingly, regeneration 
after PH was reported to be strongly delayed in the absence of Nrf2. This defect was 
shown to result from ROS-induced transient resistance to insulin and insulin-like 
growth factor 1 in hepatocytes, causing impaired phosphorylation of the p38 mito-
gen-activated kinase (MAPK) and its downstream targets. A cross talk between 
Nrf2 and NFκB was also suggested, since the activity of the latter was strongly 
enhanced in the regenerating liver of Nrf2 knockout mice, possibly as a compensa-
tory effect to reduce the extent of oxidative stress [ 13 ]. Interestingly, the gene cod-
ing for a protein referred to as augmenter of liver regeneration (ALR), which is 
induced soon after PH, was also reported to contain a promoter sequence regulated 
by Nrf2 [ 44 ]. 

 The role of p38-MAPK in connecting redox status, ROS signalling, and liver 
regeneration is controversial. In some studies, as with the Nrf2 knockout mouse, a 
positive correlation between p38-MAPK activation and proliferation has been found. 
For example, studies on palmitic acid-stimulated cells from a normal human hepato-
cyte cell line indicated that the mitogenic effect (1) was dependent on ROS produc-
tion, in that it was inhibited by either  N -acetylcysteine or catalase; (2) it was associated 
with increased expression and nuclear translocation of Nrf2; (3) the specifi c inhibition 
of p38-MAPK blocked the G1–S transition in these cells [ 183 ]. In line with the above 
results, a recent report indicates that p38-MAPK-knockout mice have reduced levels 
of hepatocyte proliferation and reduced regeneration after injury [ 176 ]. 

 However, other studies suggest that the activation of p38-MAPK inhibits the 
process of liver regeneration and hepatocyte proliferation [ 28 ,  29 ]. Thus, phosphor-
ylated p38-MAPK was found to be present in normal mouse liver while it was rap-
idly inactivated within 30 min post-PH, to reappear in its active form only 12 h later. 
The reduced levels of phosphorylation were attributed to an increase in the relative 
activity of MAPK phosphatases (MKPs) over kinases (MKK) [ 28 ]. Furthermore, 
increased proliferative activity was reported in hepatocytes in p38-defi cient mice 
[ 29 ]. Obviously, additional studies are urgently needed to defi ne the complex role of 
p38-MAPK in liver regeneration. 

 Although there is general agreement on the central role played by this signalling 
pathway in sensing and regulating the redox balance, the exact mechanism(s) 
mediating these effects are yet to be clarifi ed. As previously mentioned, likely 
candidates in perceiving and transducing redox balance are specifi c cysteine resi-
dues present in proteins along the signalling cascade whose redox status can impact 
on their enzymatic and/or interacting properties.   

3.4     Concluding Remarks 

 Several lines of evidence have now converged towards the concept that ROS are 
intimately integrated in cell metabolic pathways, playing a central role in the modu-
lation of several biological processes. As with molecular oxygen and iron, 
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the bioavailability of ROS needs to be strictly controlled, in that any excess can 
cause serious harm to cells and tissues. To this end, cells are equipped with both 
enzymatic and non-enzymatic systems to titrate the redox equilibrium. Interestingly, 
these control systems appear to operate separately and with different set points in 
different subcellular compartments, further highlighting their specifi c functional 
signifi cance. 

 Both the emergence of cell senescence and the unfolding of the cell cycle are 
susceptible to modulation by ROS. Available data suggest that this is also true for 
hepatocytes. Critical cysteine residues present in specifi c proteins involved in meta-
bolic and/or signal transduction pathway are capable to translate alterations in redox 
balance into a biochemical signal. The activity of kinases, phosphatases, as well as 
acetylation and de-acetylation reaction, glutathionylation, and ubiquitylation pro-
cesses, among others, are the ultimate likely targets of ROS signalling. However, this 
intricated and fascinating area of research is just beginning to be explored. 
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4.1            Oxidative Stress and Hepatocellular Injury 

    Oxidative stress and infl ammation are hallmarks of virtually all (chronic) liver 
 diseases. Not surprisingly, understanding the role of oxidative stress and its deleteri-
ous consequences has been and still is an important research topic in hepatology. 
A thorough understanding of oxidative stress and its impact on liver homeostasis is 
essential to identify novel targets for the treatment of liver diseases. In this chapter, 
we will review the current knowledge on the role of oxidative stress in hepatocel-
lular injury. Hepatocytes have received a large share of the attention in research on 
oxidative stress. That will also be the case in this chapter. Nevertheless, we will also 
address the role of other liver cell types, such as endothelial cells, hepatic stellate 
cells, and Kupffer cells in oxidative stress-mediated liver injury.  

4.2     Oxidative Stress and Antioxidant Defenses 

 Oxidative stress is defi ned as the inappropriate exposure to reactive oxygen species 
(ROS). It results from the imbalance between pro-oxidants and antioxidants 
and leads to cell damage. ROS represent a variety of species, including supero-
xide anions (O 2  •− ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (HO • ) [ 1 ]. 
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The stability and (biological) half-life of these species are variable: the hydroxyl 
radical is highly reactive, whereas superoxide anions and hydrogen peroxide are 
more stable. Hydroxyl radicals can be generated through the Haber–Weiss reaction, 
in which superoxide anions react with hydrogen peroxide, or through the Fenton 
reaction, in which hydrogen peroxide reacts with iron. 

 Excessive oxidation of cellular substrates by ROS can lead to cellular injury. 
Therefore, cells are equipped with various antioxidant defenses, which can signifi -
cantly delay or prevent the oxidation of substrates [ 1 ]. 

 One of these antioxidant defenses are the superoxide dismutases (SODs), a family 
of enzymes specialized in eliminating superoxide anions. Three distinct SODs have 
been identifi ed in mammals: Copper-zinc SOD in the cytosol and nucleus (SOD1 or 
CuZnSOD), manganese SOD in the mitochondria (SOD2 or MnSOD), and extracel-
lular SOD (SOD3 or EC-SOD) [ 2 ]. Although they are structurally unrelated and 
encoded by different genes, they all have the same function, namely converting the 
superoxide radical to hydrogen peroxide [ 3 ]. In general, the generated hydrogen per-
oxide is less reactive and/or further converted into water and oxygen. 

 Several enzymes are able to convert hydrogen peroxide into water and oxygen. 
Catalase, localized in the peroxisomes, can enzymatically decompose hydrogen 
peroxide. Glutathione peroxidases (GPx) are a family of enzymes, which catalyze 
the reaction of glutathione (GSH) and H 2 O 2  into water and oxidized glutathione 
(GSSG). Glutathione is highly present in virtually all cells. It is localized in the 
cytosol as well as in intracellular organelles such as the endoplasmic reticulum, the 
nucleus, and the mitochondria. Glutathione is exclusively synthesized in the cytosol 
in a two-step process by the rate-limiting enzyme γ-glutamylcysteine synthetase 
(γ-GCS or GCL: glutamate-cysteine ligase) followed by γ-glutamyl transpeptidase 
(γ-GT) [ 4 ]. Oxidized glutathione can be reduced again to GSH by the enzyme GSH 
reductase (GR), a reaction requiring NADPH. This possibility to recycle GSH 
makes it a crucial antioxidant defense mechanism for cells. 

 Several redox-sensitive transcription factors are involved in antioxidant responses 
such as activator protein-1 (AP-1), nuclear factor-κB (NF-κB), and Nrf2. 

 AP-1 is a heterodimeric transcription factor that binds to the TPA response 
 element (TRE), which is present in the promoter region of many genes, including 
antioxidant genes, like heme oxygenase-1, genes involved in cell proliferation, but 
also genes involved in fi brogenesis, e.g., TGF-β and collagen type 1. Many mito-
gens and pro-infl ammatory signals lead to increased AP-1 nuclear binding and 
 corresponding gene transactivation. It is known that lipid peroxidation products 
(such as 4HNE) and ROS can induce AP-1 and subsequent transcriptional regula-
tion of target genes, including the ones mentioned above. 

 NF-κB is also a redox-sensitive transcription factor, consisting of homo- or 
 heterodimers of structurally related subunits. NF-κB activity is mostly regulated at 
the translational level. Under normal conditions, it is present in the cytosol of cells 
in an inactive form, due to its binding to the inhibitory subunits IκB. The activation 
of NF-κB consists of the phosphorylation of the inhibitory subunits, followed by its 
subsequent degradation [ 5 ]. Upon dissociation of IκB from NF-κB, NF-κB can 
translocate to the nucleus where it can bind to promoter regions of genes which have 

M.H. Tiebosch et al.



101

the κB element. These are genes involved in, e.g., infl ammation, cell survival 
(including antioxidant enzymes), and adhesion. Most, if not all, inducers of NF-κB 
rely on the production of ROS and their reactions with cellular macromolecules. 

 Nuclear erythroid-related factor 2 (Nrf-2) is a redox-sensitive transcription fac-
tor. In response to an oxidative event, Nrf2 dissociates from KEAP (kelch-like 
ECH-associated protein 1) and translocates to the nucleus. Here it can bind to its 
response element ARE (antioxidant response element) to transactivate antioxidant 
genes. Several antioxidant enzymes like glutamate–cysteine ligase (GCL) and heme 
oxygenase-1 (HO-1) are under the control of AREs via the phosphorylation of the 
transcription factor Nrf2 [ 6 ,  7 ].  

4.3     Oxidative Stress in Liver Diseases 

 Oxidative stress plays an important role in many types of liver diseases including 
non-alcoholic fatty liver disease (NAFLD), cholestatic liver diseases, alcohol- 
induced liver injury, and viral hepatitis. 

4.3.1     Non-alcoholic Fatty Liver Disease 

 Liver injury in NAFLD is characterized by fat accumulation (steatosis), the infi ltra-
tion of infl ammatory cells, and a varying extent of ballooning degeneration of the 
hepatocytes [ 8 ]. NAFLD is the general name for fatty liver disease with steatosis but 
without severe and overt infl ammation, whereas non-alcoholic steatohepatitis 
(NASH) is the subsequent stage of this disease, characterized by overt infl ammation 
[ 9 ]. It is widely accepted that NASH has a two-hit pathogenesis (although some 
recent reports also imply a “multiple hit” model) [ 10 ]. Steatosis is the “fi rst hit”: 
during this stage, free fatty acids (FFAs) accumulate in the cells. FFA accumulation 
is caused by an increase in fatty acid uptake either from dietary sources or from 
lipolysis in adipose tissue. The “second hit,” leading to NASH, involves oxidative 
stress, decreased hepatic ATP production, and induction of pro-infl ammatory cyto-
kines. Progression of steatosis to NASH is an undesired process because it leads to 
hepatocellular injury. There are various hypotheses regarding the progression of 
steatosis to NASH. It has been proposed that the lipotoxicity of FFAs increases the 
vulnerability of the liver to a “second hit,” and that this vulnerability is dependent 
on environmental and/or genetic factors [ 10 ]. 

 Another hypothesis is that the impaired β-oxidation leads to hepatic steatosis and 
accumulation of lipid intermediates and subsequent impairment of insulin signaling 
and insulin-resistance, a phenomenon often observed in patients with NASH. 
In addition, the sustained infl ammation and increased levels of TNF may also lead 
to impaired insulin-signaling via aberrant and sustained phosphorylation of insulin 
receptor substrate-1 (IRS-1) [ 11 ]. 
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 As mentioned before, oxidative stress plays a crucial role in the pathogenesis of 
NASH. Sources for ROS in NASH are mitochondria and peroxisomes, as the 
β-oxidation occurs in these organelles. Increased β-oxidation in these organelles 
might be a compensatory mechanism for the excessive FFA accumulation in the 
hepatocytes and leads to excessive ROS production and oxidative stress [ 12 ].  

4.3.2     Cholestasis 

 Cholestasis is the reduction of bile fl ow which results in elevated serum levels 
of potentially toxic bile acids. There are several causes of cholestasis in humans. 
The most common causes are primary biliary cirrhosis and sclerosing cholangitis. 
In addition to these disorders, cholestasis can result from biliary atresia, familial 
cholestatic syndromes resulting from defects in bile acid transporters, exposure to 
certain drugs, pregnancy, graft-versus-host disease, infection, and Alagille syn-
drome [ 13 – 15 ]. 

 Several animal models as well as human studies suggest a role for oxidative stress 
in cholestatic liver diseases. In the bile duct ligation (BDL) model, an animal model 
for cholestatic liver disease, products of lipid peroxidation were present in hepatic 
mitochondrial membranes [ 16 ]. In addition, increased serum and/or tissue levels of 
4-hydroxynonenal (4HNE) and malondialdehyde (MDA), both stable end products of 
lipid peroxidation, were observed after BDL [ 17 ]. However, although this was associ-
ated with the infl ux of infl ammatory cells, it was not associated with liver damage. 
Accordingly, several studies proposed that oxidative stress is a consequence of chole-
static liver disease rather than a cause for injury in these diseases [ 18 ].  

4.3.3     Xenobiotic-Induced Liver Diseases (Alcohol, 
Paracetamol) 

 Xenobiotics are generally metabolized by hepatocytes, in particular by members of 
the enzyme family cytochrome P450 (CYP family). Several cytochrome P450 
enzymes are important in metabolizing common xenobiotics. A well-known harm-
ful xenobiotic is ethanol. Alcohol-induced liver disease is one of the most common 
causes of liver disease. Ethanol is metabolized by CYP2E1, producing ROS through 
reduction of oxygen to superoxide anions, which are dismutated to hydroxyl radi-
cals, a highly oxidative substance. Consequently, lipid peroxidation occurs that 
leads to the depletion of cellular antioxidants (especially glutathione). This distur-
bance of the redox equilibrium leads to oxidative stress. 

 Another xenobiotic is paracetamol (or acetaminophen, APAP), widely used as 
an analgesic and antipyretic drug. Upon an APAP overdose, the metabolizing 
capacity of glucuronidating enzymes is exceeded and the drug is metabolized by 
CYP2E1 or CYP3A4 into  N -acetylbenzoquinoneimine (NAPQI), an extremely 
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toxic and oxidizing component. Normally, NAPQI is neutralized by glutathione; 
however, at high concentrations, the glutathione store is depleted and the excess 
NAPQI binds to cellular proteins eventually resulting in mitochondrial dysfunction 
and cell death [ 19 ,  20 ]. Interestingly, acetaminophen toxicity can be attenuated by 
the addition of glutathione precursors like  N -acetylcysteine.   

4.4     Signaling Pathways in Hepatocellular Injury: 
Involvement of Different Organelles 

4.4.1     Plasma Membrane 

 In general, the plasma membranes of mammalian cells are exposed to an oxidizing 
environment, while the cytosol is a reducing environment. If the defense systems 
are inadequate, oxidative damage will occur to proteins, lipids, and carbohydrates. 
This damage can be directly, by inhibition of transmembrane transporters and other 
membrane proteins, or indirectly mediated by lipid peroxidation products. 

 Lipid peroxidation is the main damaging effect of oxidative stress. Lipids in the 
cell or organelle membranes are mainly polyunsaturated fatty acids and cholesterol. 
Upon lipid peroxidation, these lipids are oxidized, which results in the formation of 
aldehydic by-products such as 4-hydroxy-2-nonenal (4HNE) and malondialdehyde 
(MDA). This leads to increased cell membrane permeability, decreased cell mem-
brane fl uidity, inactivation of membrane proteins, and loss of polarity of mitochon-
drial membranes. Moreover, 4HNE and MDA have long half-lives, which make 
them detrimental as they can diffuse over long distances, thereby amplifying the 
effect of oxidative stress. 

 As a consequence, oxidative stress can adversely affect the function of cellular 
organelles such as mitochondria, endoplasmic reticulum, and lysosomes.  

4.4.2     Mitochondria 

 Mitochondrial function is based on membrane potential, which depends on mem-
brane integrity. Mitochondrial DNA (mtDNA) is extremely sensitive to oxidative 
damage due to its location (close to the ROS producing mitochondrial inner mem-
brane), the absence of protective histones, and incomplete DNA repair mechanisms 
in mitochondria. Accumulation of mtDNA damage results in mitochondrial dys-
function, leading to increased ROS production. 

 Oxidative stress leads to activation of JNK (c-Jun N-terminal kinase, a member 
of the MAP-kinase family) and translocation of phosphorylated (P)-JNK to the 
mitochondria, which leads to increased mitochondrial ROS production. This  process 
is a critical step in hepatocellular injury, because it can trigger the mitochondrial 
membrane permeability transition (MPT) and the collapse of membrane potential, 
mitochondrial swelling, and rupture of the outer mitochondrial membrane [ 21 ].  
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4.4.3     Endoplasmic Reticulum 

 The membrane of the endoplasmic reticulum can also be damaged by lipid peroxi-
dation. Disruption of the ER membrane leads to calcium disequilibrium, which is 
considered to be one of the initial and pivotal events of ER stress-mediated cell 
death. ROS and lipid peroxidation directly disable the sarco-endoplasmic reticulum 
Ca 2+ -ATPase (SERCA). The impairment of SERCAs can further lead to Ca 2+  release 
from the ER lumen, the accumulation of unfolded proteins in the ER lumen, and 
ultimately, the disruption of ER homeostasis, i.e., ER stress [ 22 – 24 ]. ER stress 
causes the activation of the Unfolded Protein Response (UPR). The UPR describes 
a series of compensatory responses and signaling between organelles to mediate 
cellular adaptations in order to promote cell survival. However, when ER stress is 
excessive or chronic, or when the UPR is compromised, pro-apoptotic pathways are 
activated. A key event in this pro-apoptotic pathway is the induction of CHOP (C/
EBP homologous protein) expression [ 25 ]. Induced expression of CHOP leads to 
ROS formation by enhancing the translation of mRNA to stimulate the 
UPR. Furthermore, ER stress and accompanying CHOP induction is also associated 
with Ca 2+  leakage and subsequent cell death in hepatitis C virus-infected cells [ 26 ]. 
All of these events may lead to hepatocellular injury and cell death. 

 For the proteins to fold into the correct tertiary and quaternary structures, disul-
phide bonds have to be created. This requires a highly oxidizing environment that is 
maintained by a low GSH/GSSG ratio. Oxidative protein folding is a source of 
ROS, predominantly hydrogen peroxide. Normally, the antioxidant defense can 
cope with this exposure to elevated ROS. However, under conditions of increased 
protein folding, this system can be exhausted. In addition, protein misfolding can 
also give rise to ROS [ 27 ]. 

 Exogenous oxidants can also activate the UPR. For example, 7-ketocholesterol, 
an oxidant product of cholesterol, induces the complete UPR, whereas others only 
mildly or partly stimulate the UPR [ 28 ]. 

 During ER stress, mitochondria display increased ROS production: calcium leak-
ing from the ER is taken up by the mitochondria, which results in the opening of the 
permeability transition pore and subsequent cytochrome c release. This abrogates the 
normal electron transport chain, and as a result, leads to increased ROS generation. 
The increased calcium concentrations in the mitochondria stimulate Krebs cycle 
dehydrogenases, further boosting ROS production. The increased ROS production 
leads to opening of the calcium channels in the ER, resulting in a vicious circle.  

4.4.4     Lysosomes 

 Lysosomes are involved in necrotic, apoptotic, and autophagic cell death. The key 
factor in determining the type of cell death is the magnitude of the lysosomal mem-
brane permeabilization (LMP) and the amount of proteolytic enzymes released 
into the cytosol [ 29 ]. Massive breakdown of lysosomes results in unregulated 
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necrosis, whereas selective permeabilization of lysosomes triggers apoptosis. 
Several mechanisms for the controlled permeabilization of lysosomes have been 
proposed. One hypothesis includes the accumulation of lysosomotropic detergents 
such as sphingosine in the lysosomes, facilitating the release of lysosomal enzymes 
into the cytoplasm [ 30 ]. Another hypothesis involves ROS-mediated lysosomal 
destabilization. In this hypothesis, LMP is suggested to precede mitochondrial dys-
function, thereby creating a feedback loop between mitochondrial-derived ROS and 
LMP to control cell death. In addition, intralysosomal accumulation of free iron indi-
rectly mediates lysosomal membrane damage via generation of ROS [ 31 ,  32 ].   

4.5     Injury to Different Hepatic Cell Type Populations 

 Liver injury is associated with various responses from different cell types in liver. 
In response to toxic stimuli, hepatocytes usually become damaged or die, whereas 
endothelial cells (EC), Kupffer cells (KC), and hepatic stellate cells (HSC) become 
activated. 

4.5.1     Hepatocytes 

 Hepatocyte injury can result in hepatocyte cell death via apoptosis, necrosis, necrop-
tosis, or autophagy [ 33 ,  34 ]. In a damaged liver all these forms of cell death will be 
present; however, one may be predominant over the others. They also share some of 
the same executive pathways and therefore hybrid modes of cell death occur, dis-
playing characteristics of different modes of cell death. For example, cell death may 
start as apoptosis, but can switch to necroptosis. In the following paragraphs the 
different forms of cell death are briefl y described. 

 Apoptosis is an ATP-dependent process, also known as programmed cell death. 
Apoptosis is characterized by DNA condensation, nuclear fragmentation, plasma 
membrane blebbing, cell shrinkage, and the formation of apoptotic bodies. Two 
distinct pathways of apoptosis have been described: the organelle-mediated path-
way (or intrinsic pathway) and the receptor-mediated pathway (or extrinsic path-
way). Both pathways overlap downstream with the activation of effector caspases 
(caspase-3, -6 and -7), which results in cleavage of intracellular substrates such as 
lamin A, poly (ADP-ribose) polymerase (PARP), and Inhibitor of Caspase-Activated 
DNase (ICAD) to induce apoptotic cell death. Apoptotic features include cell 
shrinkage, nuclear fragmentation, apoptotic DNA fragmentation, and ultimately, 
cell death [ 35 ]. 

 Necrosis is a passive process that is characterized by metabolic disruption, 
energy depletion (loss of ATP), mitochondrial swelling, and rupture of the plasma 
membrane. Subsequently, the release of cellular content into the extracellular 
 environment and systemic circulation triggers an infl ammatory response. 
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 Necrosis was long thought to be an uncontrolled form of cell death; however, 
recently it was appreciated that there is an “in between” variant between apoptosis 
and necrosis, called  necroptosis . Morphologically, necroptotic cell death resembles 
necrosis as it is characterized by cell swelling, mitochondrial dysfunction, plasma 
membrane permeabilization, and release of cytoplasmic content into the extracel-
lular space. However, it is regulated via stimulation of death receptors in a similar 
manner as in apoptosis. Necroptosis seems to serve as a back-up mechanism for 
apoptosis in cells, which have become resistant to apoptosis such as virus-infected 
cells. It has been demonstrated that these cells are highly sensitive to necroptosis 
[ 36 ]. This form of cell death is also associated with high mitochondrial ROS pro-
duction and, unlike apoptosis, it does not involve DNA fragmentation [ 37 ]. 

 Autophagy represents a homeostatic cellular mechanism for the turnover of 
organelles and proteins through a lysosome-dependent degradation pathway. During 
starvation, autophagy facilitates cell survival through the recycling of metabolic 
precursors. Additionally, autophagy can modulate other vital processes such as pro-
grammed cell death (e.g., apoptosis), infl ammation, and adaptive immune mecha-
nisms and thereby infl uence the pathogenesis of diseases. Selective pathways can 
target distinct cargoes (e.g., mitochondria or proteins) for autophagic degradation. 
At present, the causal relationship between autophagy and various forms of cell 
death remains unclear, as it has been reported that autophagy can act both as an 
agonist and as an antagonist of cell death. It has also been described that autophagy 
is a cell death effector pathway under conditions of impaired apoptosis [ 38 ]. 

 Autophagy can occur in association with necroptosis triggered by caspase inhibi-
tion. Autophagy and apoptosis have been shown to be coincident or antagonistic, 
depending on the experimental context, and share cross talk between signal trans-
duction pathways. Autophagy may modulate the outcome of other regulated forms 
of cell death such as necroptosis [ 39 ]. 

 Different ROS can cause different modes of cell death. We have previously dem-
onstrated that the superoxide anions induce mainly apoptosis in primary rat hepato-
cytes and to a much lesser extent necrosis [ 40 ]. Superoxide anion-induced apoptosis 
was caspase-dependent (caspase-9, -6, and -3 were involved). In contrast, we have 
shown that hydrogen peroxide is not toxic at low doses, but causes necrosis at higher 
concentrations (or at low concentrations when hydrogen peroxide detoxifi cation 
is inhibited). 

 Exposure to ROS has been shown to activate signal transduction pathways, such 
as phosphorylation of ERK1/2 and JNK MAP kinases. In hepatocytes, activation of 
ERK is anti-apoptotic, whereas activation of JNK is pro-apoptotic. Superoxide 
anions also induce the antioxidant enzyme HO-1. This induction is not suffi cient to 
prevent superoxide-induced hepatocyte cell death. However, when HO-1 is induced 
before exposure to superoxide anions, the primary hepatocytes are protected against 
superoxide anion-induced apoptosis [ 41 ]. Carbon monoxide, one of the products of 
the enzymatic reaction of HO-1, is partially responsible for this protective effect as 
exogenously added CO inhibits superoxide anion-induced caspase activation, PARP 
cleavage, JNK activation, and apoptosis [ 41 ]. CO is suggested to down-regulate the 
ERK1/2 MAPK pathway and prevent transplant-induced hepatic ischemia/reperfusion 
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injury [ 42 ]. In addition, CO is known to activate p38 MAPK. The activation of p38 
MAPK protects liver against ischemia/reperfusion injury and has antioxidant effects 
in systemic liver infl ammation [ 43 ,  44 ]. As stated above, superoxide anions also 
activate pro-apoptotic pathways, e.g., JNK. Apparently, the activation of pro- 
apoptotic pathways overrules the activation of survival pathways. Inhibition of JNK 
blocks superoxide anion-induced apoptosis and caspase-9 activation. This could 
indicate that JNK triggers the mitochondrial apoptotic pathway after exposure to 
superoxide anions. The well-known anti-apoptotic transcription factor NF-kB is not 
involved in the protection against superoxide anions-induced apoptosis.  

4.5.2     Kupffer Cells 

 Kupffer cells, the liver-specifi c macrophages, are generally seen as the main source of 
oxidative stress in the liver next to neutrophils. ROS generation by Kupffer cells occurs 
via an oxidant burst. Prolonged production of oxidants involves activated complement 
factors. Kupffer cells produce hydrogen peroxide, superoxide anions, and hydroxyl 
radicals. NADPH oxidase is the principal enzyme involved in ROS production. 

 Kupffer cells are also involved in NASH. Serum leptin levels correlate with 
NAFLD/NASH severity. Leptin induces NADPH oxidase and inducible nitric oxide 
synthase (iNOS) in Kupffer cells and, as a result, superoxide anions and nitric oxide 
are produced. These compounds can react to form peroxynitrite, which is a strong 
oxidant. Peroxynitrite can also cause posttranslational modifi cations such as nitro-
sylation of proteins. Ultimately, this leads to activation of macrophages and produc-
tion of TNF-α and MCP-1 [ 45 ]. 

 DAMPS (damage- or danger-associated molecular patterns) are also known to 
activate Kupffer cells. For example, ATP is released after necrosis/apoptosis of 
hepatocytes and is then considered a DAMP. ATP can bind to the P2X7 receptor. 
This receptor is upstream of NADPH oxidase and can activate NADPH oxidase and 
subsequent ROS production by increasing the expression of the p47 phox subunit 
and the binding of p47 phox to the membrane subunit gp91 phox [ 46 ].  

4.5.3     Endothelial Cells 

 Kupffer cells and liver sinusoidal endothelial cells (LSECs) together constitute the 
largest scavenger cell system in the body and they are responsible for the elimina-
tion of a wide range of potentially injurious particles, pathogens and molecules 
from the blood. Particulate matter (>200 nm in diameter) is phagocytosed by the 
Kupffer cells, whereas LSECs mediate clearance of soluble macromolecules and 
colloids <200 nm in diameter via receptor-mediated endocytosis [ 47 ]. 

 In any injury, the tightly regulated microcirculation in the liver is disrupted 
as there is a shift towards more vasoconstrictive forces over vasodilating agents. 
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This causes vasoconstriction, mostly because of an induction of the vasoconstrictor 
endothelin-1 (ET-1) which cannot be overcome by the vasodilator nitric oxide (NO), 
generated by endothelial nitric oxide synthase (eNOS) and, in case of infl ammation, 
iNOS. Vasoconstriction leads to hypoxia, which can further aggravate liver damage. 
ET-1 is induced by oxidative stress, whereas receptor-mediated NO release is 
reduced by hydrogen peroxide. ET-1 can normally induce NO production by pro-
moting the translocation of eNOS to the plasma membrane. This will restore the 
balance between vasoconstriction and vasodilation. However, upon acute oxidative 
stress exposure, eNOS cannot translocate to the plasma membrane, although normal 
phosphorylation of eNOS can still occur, leading to a reduction of NO production. 
Subacute oxidative stress also causes reduced NO production [ 48 ]. 

 Oxidative stress can further affect these mechanisms. It has been demonstrated 
that exposure of LSECs to hydrogen peroxide induces the production of eicosanoids 
such as thromboxane A2 (TXA2), prostaglandin I2 (PGI2), and PGE2 via 
 up- regulation of cyclooxygenase-2 (COX2), thromboxane synthase, and the phos-
phorylation of cytosolic phospholipase A2 (cPLA2). This causes vasodilatation. 
However, the combination of high ET-1 and hydrogen peroxide causes a decrease in 
the production of the vasodilating eicosanoids by LSECs. As a result, this combina-
tion leads to vasoconstriction [ 49 ]. 

 The synergistic effect of NO and hydrogen peroxide is due to the inhibition 
of hydrogen peroxide degradation, since NO inhibits catalase (predominantly in 
hepatocytes) and/or glutathione peroxidases (prevailing in endothelial cells) [ 50 ]. 

 In diabetes, there is oxidative injury to the vessel walls. In the liver, there are also 
ultrastructural changes in the hepatic microcirculation. It has been shown in in vivo 
models of diabetes that LSEC porosity is increased by ~50 %, and an increase in 
nitrosative stress has also been shown by demonstrating the presence of nitrosylated 
proteins in the sinusoidal endothelium, which was reduced by antioxidants [ 51 ].  

4.5.4     Hepatic Stellate Cells 

 Hepatic stellate cells become activated in chronically injured liver. Upon activation, 
they proliferate and produce excessive amounts of extracellular matrix which even-
tually results in fi brosis and end stage cirrhosis. The exact cause of HSC activation 
is not known; however, many conditions and mechanisms have been shown to 
 contribute to HSC activation, including oxidative stress. Oxidative stress has both 
paracrine and autocrine effects on HSC. 

 Paracrine effects include products that activate HSCs from oxidative-stress- 
damaged hepatocytes and oxidative stress-activated Kupffer cells. 

 These paracrine effects were investigated in co-culture experiments of hepatic 
stellate cells and hepatocytes or Kupffer cells. For example, co-culture of primary 
hepatic stellate cells with HepG2 cells (a human hepatoma cell line) manipulated to 
express increased levels of CYP2E1 showed higher rates of proliferation as well as 
induced levels of the fi brogenic activation markers α-smooth muscle actin (α-SMA) 
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and collagen. This could be inhibited by the addition of antioxidants and CYP2E1 
inhibitors [ 52 ,  53 ]. 

 It has also been shown that ROS can induce hepatic stellate cell death. We have 
shown in hepatic stellate cells, similar to hepatocytes, that different ROS induce 
different modes of cell death. Superoxide anions induce apoptosis of HSCs in a 
caspase-independent manner [ 54 ]. HSCs were relatively resistant to hydrogen 
peroxide- induced necrosis, probably related to the induction of glutathione levels 
during stellate cell activation [ 55 ]. 

 Lipid peroxidation products, especially 4HNE, can also activate HSC. A positive 
correlation between hepatic 4HNE and hepatic hydroxyproline content has been 
observed. Moreover, HSC are stimulated by 4HNE to produce collagen type 1, via 
signaling pathways involving kinases that modulate redox-sensitive transcription 
factors such as AP-1. 

 Acetaldehyde, the fi rst metabolite of ethanol, also has direct effects on collagen 
production by HSC [ 56 ]: acetaldehyde induces hydrogen peroxide accumulation in 
stellate cells that in turn activate protein kinase C and phosphatidylinositol 3-kinase 
pathways [ 57 ,  58 ]. Recently, it was shown that acetaldehyde mediates β-catenin sta-
bilization (by inhibiting its phosphorylation) and nuclear translocation in activated 
hepatic stellate cells. In addition to hydrogen peroxide, acetaldehyde also induces the 
production of superoxide anions and 4HNE. Exposure to oxidative stress results in 
the depletion of cellular glutathione stores and redox imbalance. In this environment 
redox sensors (NXN, a Wnt pathway regulator) are oxidized, leading to β-catenin 
stabilization [ 59 ]. 

 Direct effects of oxidative stress on HSC activation have also been demonstrated. 
 Hepatic stellate cells can produce ROS themselves since they contain both the 

phagocytic as well as the non-phagocytic NADPH oxidase. NOX1, the non- phagocytic 
form of NADPH oxidase, is induced upon stimulation of HSC with platelet-derived 
growth factor (PDGF). ROS produced by NOX1 inactivates  phosphatase and tensin 
homolog (PTEN) by oxidizing this protein. This, in turn, leads to activation of the 
Akt/FOXO4 pathway and, subsequently, downregulation of p27, a cell cycle 
repressor. Therefore, PDGF leads to HSC proliferation via NOX1- mediated ROS 
production [ 60 ]. 

 NOX2, the phagocytic form of NADPH oxidase, is also present on hepatic stel-
late cells. It has been demonstrated that stellate cells, like macrophages, have the 
ability to phagocytose, in particular apoptotic bodies of hepatocytes. The engulf-
ment of apoptotic bodies (from hepatocytes) by HSC was shown to be directly fi bro-
genic. This is mediated by NOX2, as NOX2-mediated ROS production is directly 
linked to increased collagen promoter activity. 

 Both NOX1 and NOX2 are inhibited in the p47 phox knockout model. P47 phox 
is the subunit known to be involved in the structural organization of the NOX sub-
units into a functional NADPH complex. The production of ROS by HSC induces 
PDGF [ 61 ]. PDGF signals through the PDGF-receptor to Ras and Raf-1 with sub-
sequent activation of the MAPK pathway. In addition, MAPK activation was also 
shown to be induced by lipid peroxidation products (4HNE). These results indicate 
that proliferative pathways for HSC often involve ROS generation.      
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    Chapter 5   
 Oxidative Stress and the Unfolded Protein 
Response in the Liver 

             William     M.     Hudson     and     Michael     J.     Pagliassotti    

5.1             Introduction 

 Liver and biliary diseases can result from a wide variety of causes, including infectious 
agents, inherited defects, alcohol, toxins, and environmental insults. Common forms of 
liver and biliary diseases include viral hepatitis, alcoholic fatty liver disease, non-alco-
holic fatty liver disease, and gallstones. Estimates suggest that hepatitis B and C virus 
are present in ~5 % and ~3 %, respectively, of the world’s population. Hepatocellular 
carcinoma is among the leading causes of cancer-related deaths and non-alcoholic fatty 
liver disease may affect 10–20 % of the population, largely due to the current world-
wide obesity epidemic. Many liver and biliary diseases are characterized by both 
 oxidative and endoplasmic reticulum stress, both of which can lead to infl ammation, 
cell death, and global organ impairment. This chapter will discuss the endoplasmic 
reticulum (ER) and oxidative stress in the liver.  

5.2     The Endoplasmic Reticulum 

 The ER is the largest continuous organelle in a eukaryotic cell and consists of an 
array of tubules (cisternae) that form a three-dimensional network (reticulum) 
stretching from the nuclear envelope to the cell surface. The smooth ER prod-
uces structural phospholipids and cholesterol, as well as signifi cant amounts of 
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triacylglycerol and cholesterol esters that have non-structural roles [ 1 ,  2 ]. The smooth 
ER is the main site of cholesterol synthesis, although much of this lipid is transported 
to other cellular organelles. Thus, the ER membrane is comprised of very low con-
centrations of cholesterol and complex sphingolipids [ 1 ]. It has been suggested that 
the loose packing of ER membrane lipids may provide an environment conducive to 
the insertion and transport of newly synthesized lipids and proteins [ 1 ]. This special-
ized lipid environment within the ER may have implications in diseases character-
ized by abnormal lipid accumulation, such as alcoholic and non-alcoholic fatty liver 
disease [ 3 ]. 

 All eukaryotic cells contain a signifi cant amount of rough ER, the site for protein 
folding and maturation. Proteins destined for secretion or insertion into membranes 
require modifi cation, such as glycosylation and disulfi de bond formation, which can-
not be achieved in the cytosol [ 4 ]. The ER lumen provides a specialized environment 
for protein folding and maturation that is characterized by high concentrations of 
calcium, a low ratio (1:1–3:1) of reduced glutathione (GSH) to oxidized glutathione 
(GSSG), and a unique complement of molecular chaperones and folding enzymes 
[ 5 ]. The ER is also equipped with a quality control system that recognizes and 
degrades improperly folded proteins, termed ER-associated degradation (ERAD). 
ERAD can target and transport misfolded proteins from the ER lumen to the cyto-
solic proteasome machinery [ 6 ]. The unfolded protein response (UPR) monitors the 
ability of the ER lumen to match folding and degradation to the rate of entry of newly 
synthesized proteins and functions to restore ER homeostasis following periods of 
ER stress (i.e., accumulation of unfolded proteins within the ER lumen).  

5.3     The Unfolded Protein Response 

 In mammalian cells, activation of the UPR (Fig.  5.1 ) generally involves three 
ER-localized proteins: inositol-requiring 1α (IRE1α), double-stranded RNA- 
dependent protein kinase-like ER kinase (PERK), and activating transcription 
 factor- 6 (ATF6) [ 7 ]. Each of these transmembrane proteins has an ER-luminal 
domain to sense unfolded proteins, a transmembrane domain for targeting to the ER 
membrane, and a cytosolic domain to transmit signals to the transcriptional and/or 
translational apparatus [ 8 ]. It is currently thought that in un-stressed cells all three 
proteins are maintained in an inactive state via their association with the ER protein 
chaperone glucose-regulated protein 78/immunoglobulin-heavy-chain-binding pro-
tein (GRP78). Subsequent to ER stress, GRP78 is released and sequestered on 
unfolded proteins, thereby allowing activation of PERK, IRE1α, and ATF6 [ 9 ]. 
PERK activation leads to phosphorylation of the α-subunit of the translation initia-
tion factor eIF2 (p-eIF2α) and subsequent attenuation of translation initiation. 
Attenuation of translation also leads to selective translation of mRNAs containing 
open reading frames, such as activating transcription factor-4 (ATF4) [ 10 ,  11 ]. 
Increased expression of GADD34 (which also contains open reading frames), a 
member of the growth arrest and DNA damage family of proteins, is involved in 
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dephosphorylation of eIF2α and therefore promotes reversal of translational 
 attenuation [ 7 ]. IRE1α activation leads to splicing of X-box-binding protein-1 
(XBP1s) mRNA and subsequent transcription of molecular chaperones (e.g., 
GRP78) and genes involved in ERAD (e.g., ER degradation-enhancing α—like pro-
tein (EDEM)) [ 11 ]. Activation of ATF6 leads to its release from the ER membrane, 
processing in the Golgi, and entry into the nucleus. Transcriptional targets of ATF6 
include protein chaperones and XBP1 [ 8 ]. Thus, activation of the UPR initiates a 
spectrum of responses that include transient attenuation of global protein synthesis 
and an increased capacity for protein folding and degradation. This dual response 

  Fig. 5.1    Overview of the mammalian unfolded response. The presence of unfolded proteins in the 
ER lumen leads to dimerization and autophosphorylation of PERK and IRE1α, and the release and 
proteolytic cleavage of ATF6 in the Golgi. PERK-mediated phosphorylation of eIF2α leads to tran-
sient attenuation of translation, but selective translation of mRNAs containing upstream open read-
ing frames, such as ATF4. Increased transcription and translation of GADD34 subsequently leads to 
dephosphorylation of eIF2α and resumption of translation. Activation of IRE1α leads to the splicing 
of XBP1. XBP1s, ATF4, and the cleaved form of ATF6 lead to transcriptional activation of a num-
ber of gene targets related to protein folding and ER-associated degradation (see text). Reprinted 
with permission from ANTIOXIDANT AND REDOX SIGNALING (2011, volume 15, issue 2), 
published by Mary Ann Liebert, Inc., New Rochelle, NY       
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may serve to not only minimize the increase in unfolded proteins in the ER lumen, 
but also the accumulation of chaperones and may be particularly relevant to cell 
types that produce a large amount of secreted proteins (e.g., β-cells) [ 12 ].  

5.3.1     An Expanded View of the UPR 

 PERK is one of four protein kinases that can phosphorylate eIF2α; the other three 
are double-stranded RNA-activated protein kinase (PKR) which is activated in 
response to viral infection, general control non-derepressible 2 kinase (GCN2) 
which is activated in response to amino acid deprivation, and heme-regulated inhibi-
tor kinase (HRI) which is primarily expressed in reticulocytes and appears to coor-
dinate globin polypeptide synthesis with heme availability [ 13 ]. Protein 
kinase-mediated phosphorylation of eIF2α not only regulates translation, but also 
the activation of nuclear factor kappa-β (NFĸB), via reduction in the abundance of 
the NFĸβ inhibitor Iĸβ [ 11 ]. PERK can also phosphorylate nuclear erythroid 2 p45- 
related factor 2 (Nrf2), triggering the dissociation of Nrf2/Keap1 complexes and 
subsequent nuclear import of Nrf2 [ 14 ]. Thus, activation of this branch of the UPR 
links disruption of ER homeostasis to both infl ammation, via NFκβ, and redox 
balance, via Nrf2 (see below). 

 IRE1α, in addition to catalyzing XBP1 splicing, has additional functions related 
to cellular signaling. Activated IRE1α can interact with the adaptor protein TNFR- 
associated factor 2 and lead to activation of c-Jun-NH 2 -terminal kinase and NFĸβ 
via apoptosis signaling-regulating kinase 1 [ 15 ]. IRE1α activation has also been 
linked to the activation of p38 mitogen-activated protein kinase and extracellular-
regulated kinase [ 16 – 18 ]. These interactions suggest that the IRE1α branch of the 
UPR not only regulates adaptation to ER stress and cell survival via XBP1 splicing, 
but also activation of signaling pathways involved in infl ammation, insulin action, 
and apoptosis. Regulated IRE1α-dependent decay of selected mRNAs can also 
reduce production of proteins destined for the ER lumen [ 19 ,  20 ].   

5.4     The UPR and Antioxidant Defense 

 Oxidative stress is thought to be an important pathogenic event in many liver  diseases. 
The ER provides a unique oxidizing environment for protein folding and disulfi de 
bond formation. Each disulfi de bond formed during oxidative protein folding pro-
duces a single reactive oxygen species. It has been estimated that secretory cells 
produce 3–6 million disulfi de bonds per minute, thus protein folding in the ER is 
intimately linked to the generation of reaction oxygen species and potentially oxida-
tive stress [ 21 ,  22 ]. Conversely, cellular oxidative stress can disrupt ER homeostasis 
and induce ER stress [ 23 – 25 ]. Therefore, it is not surprising that the UPR engages 
the antioxidant program via the transcription factor Nrf2 [ 26 ]. Nrf2 belongs to the 
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Cap “n” Collar family of basic leucine zipper transcription factors and regulates 
the expression of antioxidant response element (ARE)-containing genes [ 26 ]. Nrf2 is 
highly expressed in the liver and kidney and is a substrate of the proximal UPR sen-
sor PERK [ 27 ]. Importantly, Nrf2 deletion results in rapid onset and progression of 
steatohepatitis in mice provided a methionine-choline-defi cient diet, often used to 
model components of non-alcoholic fatty liver disease [ 28 ]. In addition, Nrf2-
defi cient mice were characterized by increased mortality in response to endotoxin- 
and cecal ligation and puncture-induced septic shock [ 29 ]. As noted above, 
PERK-mediated phosphorylation of eIF2α also leads to the selective translation and 
upregulation of ATF4. Along with Nrf2, this transcription factor has been linked to 
the maintenance of cellular glutathione [ 14 ]. Thus, the PERK arm of the UPR appears 
to play a critical role in the defense against oxidative stress and the downstream sub-
strate Nrf2 has been directly linked to steatohepatitis. 

 In addition to the PERK arm of the UPR, recent evidence has also linked the 
IRE1α-XBP1 branch of the UPR to the regulation of antioxidant defenses [ 30 ]. In this 
study, hydrogen peroxide-mediated cell death occurred more extensively in mouse 
embryonic fi broblast cells defi cient in XBP1. XBP1 defi ciency resulted in reduced 
catalase expression, and overexpression of XBP1 restored catalase expression in 
XBP1-defi cient cells. Thus, XBP1 may provide protection from oxidative stress; how-
ever, whether this regulation occurs in hepatocytes is presently unknown.  

5.5     The ER Lumen as a Source of Oxidative Stress 

 The ER lumen is an oxidizing environment characterized by a GSH:GSSG ratio of 
1:1–3:1, much lower than the cytosolic ratio of 30:1–100:1 [ 31 ]. This environment 
is, in part, maintained by ER oxidase 1 (Ero1) and GSSG, and disulfi de bond forma-
tion in the ER lumen appears to primarily result from electron transfer reactions 
involving Ero1, protein disulfi de isomerase, and molecular oxygen. Hydrogen per-
oxide is a product of these transfer reactions and therefore disulfi de bond formation 
and protein folding in the ER lumen are associated with the formation of reactive 
oxygen species [ 21 ,  32 ]. In addition, the luminal NADPH concentration may play 
an important antioxidant defense role in liver cells in a manner that appears to be 
independent of the thiol/disulfi de redox system [ 33 ]. 

 Very few studies have directly examined whether and how protein folding/mis-
folding infl uences oxidative stress. In one study, HIP-defi cient cells that lack the 
ability to eliminate misfolded proteins from the ER were employed. Introduction of 
low levels of a mutant misfolded form of the vacuolar protein carboxypeptidase 
Y induced ER stress, accumulation of reactive oxygen species, and cell death [ 34 ]. 
Malhotra et al. utilized hydrodynamic delivery of FVIII (coagulation factor VIII, 
prone to misfolding in the ER lumen) DNA expression vectors into the tail vein of 
mice [ 35 ]. Accumulation of FVIII resulted in oxidative stress (monitored by 
 dihydroethidine staining, malondialdehyde, GSH) and activation of the UPR in the 
liver. Treatment with butylated hydroxyanisole reduced accumulation of FVIII and 
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attenuated oxidative stress and UPR activation. Taken together, these data are 
 consistent with the notion that protein misfolding in the ER lumen can produce 
ROS and that ROS and accumulation of misfolded proteins induce ER stress and 
activate the UPR. In this context, ROS may be generated as a consequence of disul-
fi de bond formation, depletion of cellular GSH, and/or mitochondrial oxidative 
phosphorylation.  

5.6     Oxidative Stress as an Activator of the UPR 

 ROS can originate from exposure to irradiation and environmental pollutants and 
enzymatic reactions involving the mitochondrial respiratory chain, arachidonic acid 
pathway, cytochrome P450 family, glucose, amino acid, xanthine and NADP/
NADPH oxidases, and nitric oxide synthase [ 36 ]. In cultured liver cells the combi-
nation of hydrogen peroxide generation using glucose oxidase and proteasome inhi-
bition resulted in activation of the UPR and formation of inclusion bodies that was 
reduced by either pretreatment with  N -acetyl-cysteine or the chemical chaperone, 
4-phenylbutyrate [ 23 ]. 

 Changes in nutrient fl ux, particularly fatty acid fl ux, may infl uence the functional 
capacity of the ER, in part, via effects on redox balance. Elevated free fatty acids, in 
particular saturated fatty acids, have been linked to activation of the UPR in a num-
ber of cell types, including hepatocytes [ 37 – 40 ]. Antioxidants, such as taurine, 
effectively reduce saturated fatty acid-mediated oxidative stress and UPR activation 
in both H4IIE liver cells and primary hepatocytes [ 41 ]. 

 Ethanol impairs protein secretion in hepatocytes and the serum protein defi -
ciency that can lead to clotting disorders, edema, and impaired iron delivery [ 42 ]. 
ER stress and activation of the UPR by ethanol is conserved across vertebrates and 
reductions in ER stress reduce alcohol-induced liver injury [ 42 ,  43 ]. Using a zebra-
fi sh larvae model, Tsedensodnom et al. demonstrated that ethanol exposure induced 
oxidative stress and that oxidative stress and low doses of ethanol synergize to 
induce the UPR in the liver [ 44 ]. In alcoholic liver disease, ROS is generated by 
ER-localized cytochrome P450’s and, perhaps, interactions between the ER and 
mitochondria (discussed below) [ 45 ]. Regardless of the source of ROS, these data 
are consistent with the notion that ROS can impair the secretory pathway in hepato-
cytes and lead to ER stress and UPR activation.  

5.7     ER–Mitochondrial Interactions and Oxidative Stress 

 Protein folding in and clearance of aggregated proteins from the ER lumen requires 
energy, thus ER homeostasis is linked to mitochondrial bioenergetics and adenosine 
triphosphate (ATP) supply. Physical interactions between the ER and mitochondria 
have been documented and involve specifi c tethering proteins and elements of the 
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cytoskeleton [ 46 ,  47 ]. One function of these physical interactions is to provide 
 effi cient calcium transfer from the ER to mitochondria, thereby regulating the activity 
of matrix dehydrogenases required for mitochondrial respiration and ATP produc-
tion. In turn, ATP can be supplied to the ER lumen to support the energy require-
ments for protein folding and clearance [ 48 ,  49 ]. 

 Several proteins have been identifi ed as components of the ER–mitochondria 
tethering mechanism including mitofusin-1 and -2 [ 50 ]. In particular, mitofusin-2 
appears to be enriched at ER–mitochondria contact sites, can infl uence ER morphol-
ogy, and can directly tether ER and mitochondria via homo- and hetero-typic interac-
tions [ 50 ]. Importantly, the absence of mitofusin-2 increased the distance between 
the ER and mitochondria and impaired mitochondrial calcium uptake [ 50 ]. Liver-
specifi c ablation of mitofusin-2 in mice resulted in ER and oxidative stress, increased 
stress pathway signaling (c-Jun NH 2  Terminal Kinase), and impaired insulin signal-
ing [ 51 ]. Chemical chaperones or the antioxidant  N -acetylcysteine improved insulin 
signaling and glucose homeostasis in liver-specifi c mitofusin-2 knockout mice [ 51 ]. 
It should be noted that hydrogen peroxide increased the expression of mitofusin-2 in 
cardiomyocytes and selective upregulation of mitofusin-2 was suffi cient to induce 
myocyte apoptosis [ 52 ]. One interpretation of these data is that both reductions 
and increases in mitofusin-2 may interfere with mitochondrial fusion/fi ssion, physi-
cal interactions between the ER and mitochondria, and potentially calcium and 
ATP transfer.  

5.8     Summary 

 ER and oxidative stress are typically present in metabolic diseases, such as obesity 
and diabetes, neurodegenerative diseases, such as Alzheimer and Parkinson disease, 
and atherosclerosis. Protein folding in the ER lumen generates ROS and in turn, 
ROS can infl uence the fi delity of protein folding. The quality control system that 
responds to ER stress, the UPR, can regulate multiple pathways, including antioxi-
dant defense. Thus, the UPR can be viewed as an adaptive mechanism that ulti-
mately attempts to maintain cell survival and function. The ER is also structurally 
and functionally linked to mitochondria, and thus mitochondrial ATP and ROS may 
infl uence or interact with the ER lumen. Liver diseases are often characterized by 
both ER and oxidative stress and thus understanding how these two processes inter-
act is critical to understanding the pathogenesis of these diseases.     
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    Chapter 6   
 Oxidative Stress and Liver Infl ammation 

             Stephen     N.     Greenhalgh     ,     Alexandra     I.     Thompson    , 
    Neil     C.     Henderson    , and     John     P.     Iredale   

6.1             Introduction 

 The infl ammatory response has a crucial role in all forms of liver disease, be they of 
pathogen or sterile origin. Likewise, oxidative stress and the existence of reactive 
oxygen species (ROS), both in parenchymal and non-parenchymal cell populations, 
mediate a number of important pathways of injury, including cell recruitment, acti-
vation, and function (Fig.  6.1 ). The importance of ROS in liver infl ammation is not 
simply related to pathogen killing [ 1 ,  2 ] or basic biochemical effects of cell expo-
sure to ROS (such as protein oxidation, DNA damage, and lipid peroxidation 
(LPO)). In addition, ROS have a range of key roles including redox signaling and 
the ability to alter protein structure (redox sensor activation), inhibit enzyme func-
tion, and modulate transcription [ 3 ,  4 ].  

 In liver infl ammation, ROS have been shown to exert their effects on parenchy-
mal and immune cells, leading to up-regulation of gene transcription and modula-
tion of cytokine and chemokine expression, with recruitment and activation of 
non-parenchymal cells [ 3 ,  5 ,  6 ]. These effects have been demonstrated in multiple 
disease processes and animal models. Although many of the functions performed by 
ROS in liver infl ammation are likely to be conserved across a range of liver patholo-
gies, certain aspects are potentially disease-specifi c. Indeed, not every effect of ROS 
has been demonstrated in all forms of liver disease. Therefore, in this chapter, a 
range of roles for ROS will be considered in relation to the diseases, or relevant 
animal models, to which they have been shown to contribute.  
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6.2     Mechanisms Underlying ROS Production in Leukocytes 

 Clearly, ROS production by hepatocytes following injury, the mechanisms of which 
are discussed in earlier chapters, can have a direct effect on resident and recruited 
infl ammatory cells. Furthermore, leukocytes themselves can produce ROS through 
a variety of mechanisms (Fig.  6.2 ). During necrosis of liver parenchymal cells, ROS 
production in leukocytes is triggered by the release of damage-associated molecular 
patterns (DAMPs). Key examples of DAMPs include the chromatin protein high 
mobility group box 1 (HMGB1), heat shock proteins (hsps), DNA, and RNA [ 7 ,  8 ]. 
Essentially, these are all intracellular molecules whose presence in the extracellular 
environment alerts the host immune system to the existence of cell damage and disease. 

Lymphocytes

Lymphocyte recruitment

Monocyte/nectrophil
recruitment

CD4+

IgG

INJURY

CD8+

Neutrophil

Kupffer cell

Monocyte

Quiescent hepatic stellate cell

Activated hepatic stellate cell

Endothelial cell

ROS

  Fig. 6.1    Reactive oxygen species and liver infl ammation. Liver injury, of varied etiology, results 
in ROS generation, predominantly in hepatocytes and Kupffer cells, triggering leukocyte activa-
tion and recruitment, stellate cell activation, and further ROS generation       
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Complexes of DAMPs can be particularly infl ammatory and HMGB1 is able to 
combine with a number of other intracellular molecules to this effect [ 9 ]. 

 DAMPs are able to activate liver resident macrophages (Kupffer cells, KCs) and 
neutrophils via toll-like receptors (TLRs) [ 10 ]. For example, during reperfusion 
injury, HMGB1 can activate TLR4 [ 11 ] and signaling via TLR4 leads to activation 
of nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase, Nox) 2, 
the primary superoxide-producing enzyme in phagocytes [ 12 ,  13 ]. Similarly, DNA 
fragments are able to activate TLR9 and trigger ROS production in neutrophils, act-
ing in concert with HMGB1 to promote cytokine production and exacerbate injury 
[ 14 ]. As well as Nox, myeloperoxidase (MPO) acts as a major producer of ROS in 
neutrophils [ 15 ]. MPO generates hypochlorous acid, a potent oxidant, from hydro-
gen peroxide and chloride. This contributes to the formation of chlorotyrosine pro-
tein adducts, commonly utilized as a marker of neutrophil-derived oxidative stress 
[ 16 ], although it should be noted that production can also occur in macrophages to 
a lesser extent [ 17 ,  18 ].  

 In addition to the direct stimulation of leukocytes, DAMPs also have the poten-
tial to trigger ROS production and ROS-mediated signaling through the activation 
of complement. Both complement and cytokines released upon liver injury can 
stimulate KCs and neutrophils to produce ROS, as well as recruiting neutrophils 

  Fig. 6.2    Principle routes for ROS production and action in Kupffer cells       
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into the liver vasculature and up-regulating the neutrophil cell adhesion molecule 
CD11b/CD18 (Mac-1) [ 19 ,  20 ]. 

 The biology of pathogen-associated infl ammation can lead to similar outcomes, 
since many of the receptors and pathways now shown to be activated by DAMPs 
were originally identifi ed through the study of pathogen–host interaction [ 21 ,  22 ]. 
For example, TLR4 is activated by the bacterial endotoxin lipopolysaccharide (LPS) 
in addition to HMGB1 [ 10 ,  22 ] and the CpG motif in bacterial DNA, similar to 
mammalian DNA, is a potent activator of TLR9 [ 14 ,  23 ].  

6.3     Ischemia-Reperfusion Injury 

 A substantial number of investigations into the role of ROS in liver infl ammation 
have been carried out to defi ne the cellular processes underlying ischemia- 
reperfusion injury (IRI). Not only is this due to the great interest in reducing the 
degree of injury resulting from ischemia-reperfusion (IR), in order to improve out-
come following liver transplantation, hepatic tumor resection, and abdominal 
trauma, but also animal models of IRI are attractive because of their reproducibility 
and short duration in comparison to models of chronic disease. 

 Activation of KCs in isolated, perfused rat liver leads to cell damage that is lim-
ited by administration of glutathione (GSH) or the antioxidant enzymes superoxide 
dismutase (SOD) and catalase [ 24 ,  25 ]. GSH and catalase both prevent the lactate 
dehydrogenase increase observed when KCs are activated by zymosan infusion, 
suggesting that cell damage can occur due to KC production of hydrogen peroxide, 
the primary target for catalase [ 25 ]. In a rat model of hepatic IRI, both KCs and 
polymorphonuclear leukocytes (i.e., neutrophils) were shown to have the ability to 
generate superoxide during the reperfusion phase [ 26 ,  27 ]. They were also primed 
for additional superoxide generation in response to further stimulation, such as pro-
tein kinase C agonists or opsonized zymosan, suggesting that components of the 
complement cascade are major factors for post-ischemic activation of KCs and 
polymorphonuclear leukocytes [ 26 ,  27 ]. 

 Inhibition of macrophage function using gadolinium chloride (GdCl 3 ) reduces 
macrophage ability to generate superoxide and also signifi cantly attenuates, 
although does not entirely protect against, both early and late IRI [ 25 ,  27 ]. Neutrophil 
infi ltration after 24 h of reperfusion is also decreased by this intervention, although 
neutrophils retain the ability to generate superoxide [ 27 ]. Alternatively, treatment 
with anti-CD11b or anti-CD18 antibodies, preventing neutrophil adhesion, mark-
edly decreases the amount of necrosis seen after 24 h of reperfusion, but does not 
alter the extent of initial injury [ 27 ]. This is consistent with the conclusion that KCs 
are of primary importance both in the early phase of injury and for neutrophil 
recruitment, whereas neutrophils play a major role in the later phase of reperfusion 
injury and require functional CD11b/CD18 to permit hepatocyte adhesion and to 
mediate the effects of superoxide generation. 
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 Oxidative stress can also be quantifi ed through measurement of glutathione 
disulfi de (GSSG), formed during the reduction of ROS and oxidation of GSH. 
Hepatic IRI leads to an increase in plasma GSSG and this is enhanced by activation 
of KCs, through administration of retinol or  Propionibacterium acnes , but attenuated 
by KC inactivation with GdCl 3  (or methyl palmitate) [ 28 ]. Again, KC inactivation 
signifi cantly protects the liver from IRI. 

 This supports the conclusion that, initially, most oxidative stress is present in the 
hepatic sinusoids, with KCs having a primary role for superoxide production during 
the early phase of reperfusion [ 24 ,  25 ,  28 ]. Examination of the proteome of isolated 
KCs after 8 h of reperfusion confi rms up-regulation of the oxidant-antioxidant 
system [ 29 ]. Subsequently, neutrophils are recruited and extravasate, allowing them 
to adhere to target cells (e.g., hepatocytes) and resulting in signifi cant and long-
lasting ROS generation that has the potential to induce cell death [ 30 ]. A gradual 
increase, from 6 to 24 h after reperfusion, in hepatocyte staining for hypochlorite-
modifi ed epitopes, a marker for neutrophil-specifi c oxidative stress, correlates with 
neutrophil accumulation in the liver parenchyma [ 31 ]. Both this marker of oxidative 
stress and measures of liver injury were attenuated by the Nox inhibitor diphenyle-
neiodonium chloride (DPI). 

 There is also a role for ROS in neutrophil recruitment, since pretreatment with 
SOD attenuates the recruitment of neutrophils and increase in MPO activity that 
occurs during IRI [ 32 ]. A gastrointestinal model of IRI has been used to examine 
the role of KCs in leukocyte adhesion and oxidative stress in the liver, with NADPH 
autofl uorescence measured to assess redox status [ 33 ]. GdCl 3  attenuated the leu-
kostasis, oxidative stress, and injury observed in the liver early in reperfusion, fi nd-
ings supported by later investigations assessing microcirculatory failure following 
liver transplant in rats [ 34 ]. Treatment with tumor necrosis factor alpha (TNFα) 
antibody also reduced the degree of sinusoidal leukostasis and oxidative stress, 
pointing to a central role for this important leukocyte cytokine in relation to injury 
and oxidative stress [ 33 ]. 

 The same gut IRI model, when performed in mice genetically defi cient for a 
range of cell adhesion molecules, suggested that leukostasis and the effects of 
neutrophil- derived oxidative stress were dependent on the leukocyte adhesion mol-
ecule Mac-1 (CD11b/CD18) and intercellular adhesion molecule (ICAM)-1 [ 35 ]. 
This is in agreement with both an earlier in vitro study of neutrophil adherence and 
the in vivo use of blocking antibodies [ 36 ,  37 ]. 

 Attempts to understand the mechanisms underlying intrahepatic ROS production 
during reperfusion have utilized an ex vivo model, with KC inactivation by GdCl 3  
and activation using schizophyllan glucan [ 38 ]. As expected, superoxide production 
(as measured by real-time chemiluminescence) increased with KC stimulation and 
decreased with inactivation. The ex vivo nature of the model prevents the investiga-
tion of the role of recruited neutrophils during reperfusion; however, the importance 
of KCs in ROS generation in vivo is reinforced by the fi nding that whole liver ROS 
production, as measured by chemiluminescence, is impaired when GdCl 3  is admin-
istered prior to IRI [ 39 ]. Chemiluminescence during reperfusion also decreased 
when either a Nox inhibitor or xanthine oxidase (XO) inhibitor was administered 
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during the initial perfusion phase at the time of organ harvest [ 38 ]. The effect 
observed with Nox inhibition was more marked, but this experiment does suggest a 
role for superoxide production by XO during IRI. XO is an enzyme derived from 
proteolytic cleavage of xanthine dehydrogenase; superoxide production occurs in 
the course of converting hypoxanthine to xanthine to uric acid. Although the cell- 
specifi c effects of these inhibitors were not investigated, it is possible to conclude 
that KCs are a major source of ROS during reperfusion and that ROS generation 
likely occurs, at least in part, through the actions of Nox, and potentially XO. 

 Exogenous administration of XO to rats results in increased oxidative stress 
(quantifi ed by measurement of LPO using thiobarbituric acid reactive substances, 
TBARS) and neutrophil infi ltration (measured by MPO activity) in the liver [ 40 ]. 
XO levels also increase in plasma and liver after reperfusion of hindlimb ischemia 
and parallel an increase in TNFα and KC activation [ 40 ]. Pretreatment with allopu-
rinol, a XO inhibitor and antioxidant, inhibits KC activation and liver leukocyte 
infi ltration, supporting the conclusion that neutrophil recruitment requires KC acti-
vation [ 40 ]. XO inhibition has also been shown to reduce the production of cytokine- 
induced neutrophil chemoattractant (CINC) by KCs, identifi ed through their ED2 
expression, during hepatic IRI in rats [ 41 ]. This was accompanied by decreased 
neutrophil number and MPO activity after 24 h of reperfusion. In vitro, CINC pro-
duction can be triggered in quiescent KCs by exposure to XO and hypoxanthine 
[ 41 ]. The promoter region of the CINC gene contains a nuclear factor (NF)-κB- 
binding site and transcription of CINC has been shown to be regulated by NF-κB, 
which itself can be activated by XO superoxide production [ 42 ,  43 ]. This supports 
a role for ROS production by KCs in neutrophil recruitment following injury; how-
ever, the importance and contribution of XO to post-ischemic oxidative stress in 
clinically relevant situations has been questioned [ 44 ]. 

 The relevance of Nox in liver infl ammation has been demonstrated using trans-
genic knockout mice lacking the gene transcribing one of the Nox subunits: p47 phox  
[ 45 ]. In IRI, these Nox-defi cient mice exhibited greatly reduced liver injury, as 
assessed by serum alanine aminotransferase (ALT) levels and degree of hepatic 
necrosis. Neutrophil infi ltration (assessed by MPO +  leukocytes) was also decreased 
by approximately 50 % and evidence of oxidative stress (positive staining for 
4-hydroxynonenal, 4-HNE) was approximately one quarter of that seen in wild-type 
mice. Although the transgenic mouse utilized in this work has global rather than 
leukocyte-specifi c knockout of p47 phox , phagocytes are key expressers of Nox and 
thus highly likely to have a signifi cant role in Nox-derived ROS production in 
IRI. Interestingly, a reduction in nitrotyrosine expression, representative of per-
oxynitrite formation, was also seen in Nox-defi cient mice, supporting the conclu-
sion that the KC is a cell of prime interest due to its ability to produce both the 
superoxide and nitric oxide required for peroxynitrite generation. Further, there is 
clear evidence for the role of Nox-derived ROS in neutrophil recruitment. 

 Classically, one of the most important pathways through which ROS exert an 
effect on gene transcription is via NF-κB. Intracellular ROS trigger phosphorylation 
of the IκB subunit which enables dissociation of the p50-p65 κB heterodimer and its 
subsequent nuclear translocation and promotion of transcription [ 46 ]. Short periods 
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of ischemia result in up-regulation of protective mitochondrial Mn-SOD (SOD2), 
predominantly in hepatocytes [ 47 ]. However, with extended ischemia time, activa-
tion of NF-κB in KCs results in increasing transcription of the pro-infl ammatory 
genes TNFα and interleukin (IL)-1β [ 47 ]. This latter up-regulation is prevented by 
pretreatment with GdCl 3 . So although NF-κB is responsible for up-regulation of 
genes protective against oxidative stress in parenchymal cells during the early 
course of injury, in the face of persistent and severe injury, its pro-infl ammatory role 
predominates.  

6.4     NAFLD and NASH 

 The evidence presented thus far for the role of oxidative stress in the pathogenesis 
of IRI has focused on experimental models in rodents. However, shifting attention 
to non-alcoholic fatty liver disease (NAFLD) and its important potential sequela—
non-alcoholic steatohepatitis (NASH)—permits consideration of evidence that oxi-
dative stress has an important role in human infl ammatory liver disease. 

 Comparing steatohepatitis with steatosis and normal samples of human liver 
reveals a correlation between neutrophil number, degree of liver damage, and oxida-
tive stress markers [ 48 ]. Oxidized phosphatidylcholine is the principle oxidized 
phospholipid present in oxidatively modifi ed low-density lipoprotein, a lipoprotein 
with cytotoxic and macrophage chemoattractant properties [ 49 ,  50 ]. Oxidized phos-
phatidylcholine immunoreactivity in human liver correlated positionally and quan-
titatively with MPO +  neutrophils, suggesting that neutrophils either produce or are 
recruited by this oxidatively modifi ed substance [ 48 ]. In an unrelated study, liver 
biopsies from obese subjects with steatosis or NASH were stained for MPO and 
oxidative stress-related changes, namely hypochlorite-modifi ed proteins [ 51 ]. 
Numbers of both hepatic neutrophils and MPO +  KCs increased in NASH, accompa-
nied by positive staining for hypochlorite-modifi ed proteins. The increased seques-
tration of neutrophils was also correlated with increased C-X-C chemokine 
generation, leading to the conclusion that MPO-derived products of oxidative stress 
are associated with C-X-C chemokine induction and hepatic neutrophil infi ltration. 

 In a rat model of NASH, the antioxidant  N -acetylcysteine (NAC) has been shown 
to ameliorate injury, reduce the increase of infl ammatory mediators such as TNFα, 
and prevent the changes in markers of oxidative stress (decreased GSH and increased 
TBARS), which are seen in untreated controls [ 52 ]. 

 Of interest, the decreased levels of adiponectin seen in obesity [ 53 ] may con-
tribute to an enhancement of the infl ammatory response in NASH, mediated via 
oxidative stress. In a NASH model, examined in adiponectin knockout mice, lack 
of this adipose-produced hormone resulted in an increase in markers of oxidative 
stress (TBARS) with a decrease in GSH and mRNA expression of both catalase 
and SOD [ 54 ]. This was accompanied by increased infi ltration of F4/80 +  macro-
phages into the liver. All these changes were reduced when adiponectin expression 
was restored using an adenovirus vector. 

6 Oxidative Stress and Liver Infl ammation



130

 Conversely, serum levels of the hormone leptin increase in obesity and NASH in 
humans [ 55 ,  56 ]. Elevated leptin, in a murine model of NASH, was associated with 
markers of oxidative stress, with leptin-dependent increases in p47 phox  mRNA and 
release of both TNFα and monocyte chemotactic protein (MCP)-1 [ 57 ]. Transcription 
of inducible nitric oxide synthase also increased and the combination of increased 
generation of superoxide and nitric oxide permitted formation of peroxynitrite. 
Both the use of a peroxynitrite decomposition catalyst and inhibitors of Nox or 
inducible nitric oxide synthase reduced protein radical formation and expression of 
TNFα and MCP-1. The role of leptin is confi rmed by the reduction in oxidative 
stress that occurred when leptin antibodies were administered or  ob / ob  mice were 
used instead of wild type. Macrophages again appear to mediate this pathway, since 
inactivation (with GdCl 3  or liposomal clodronate) leads to reduced protein radical 
formation and serum levels of TNFα and MCP-1, whereas adoptive transfer of 
leptin-primed KCs restores levels of protein radicals. Iatrogenic hyperleptinaemia, 
investigated in an alternative NASH rodent model, led to an increase in Nox-derived 
hepatic oxidative stress, accompanied by an increase in thromboxane A2, vasocon-
striction, and portal hypertension [ 58 ]. KC inactivation, by means of GdCl 3  or 
encapsulated clodronate, limits these effects, suggesting that leptin can promote 
portal hypertension in NASH cirrhosis via oxidative stress and KCs. 

 As in IRI, ROS generation by KCs in obesity occurs through up-regulation of 
Nox. Hepatocyte injury can result in release of adenosine triphosphate, which is 
then able to bind the P2X7 receptor on KCs, up-regulating both expression of the 
p47 phox  Nox subunit and membrane binding of Nox [ 59 ,  60 ]. In obese mice, in which 
liver injury was triggered by carbon tetrachloride (CCl 4 ) injection, the formation of 
protein radicals in KCs was evident after 24 h [ 60 ]. Further, these mice showed 
more evidence of hepatic oxidative stress (4-HNE adducts) than lean controls. The 
oxidant generation, co-localized to KCs, resulted in release of TNFα and MCP-2. 
KC activation and pro-infl ammatory cytokine release were blocked by antagonists 
of Nox and P2X7, and also in P2X7 receptor knockout mice and p47 phox -defi cient 
(i.e., Nox knockout) mice. Moreover, p47 phox  expression was signifi cantly down- 
regulated in KCs of P2X7 receptor knockout mice. Reduced liver injury was seen in 
P2X7 receptor knockout mice administered CCl 4 . This suggests that in the injured 
liver of obese mice, stimulation of the P2X7 receptor plays an important role in 
p47 phox  expression and ROS generation by KCs. 

 Neutrophils also have an important role in NASH, through their ability to gener-
ate powerful oxidants and promote LPO through MPO [ 15 ,  61 ]. MPO and nitroty-
rosine (a marker of MPO activity) levels increase in response to high fat feeding of 
mice, predictably prevented in MPO knockout, which is also associated with down- 
regulation of the pro-infl ammatory mediators TNFα, IL-1α, and MCP-1 [ 62 ]. 

 Recently, the role of the adaptive immune system in response to oxidative stress 
has also been explored. High titers of IgG against malondialdehyde (MDA) adducts 
generated by oxidative stress have been measured in both adults and children with 
NASH [ 63 ,  64 ]. Rats that were protected against NASH by administration of the 
antioxidant NAC showed lower titers of autoantibodies against MDA adducts [ 52 ]. 
In mice with NASH, the degree of IgG reactivity against MDA adducts correlates 
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with elevations in ALT and hepatic TNFα mRNA and is accompanied by infi ltration 
of both T and B lymphocytes [ 65 ]. Stimulation of an immune response against 
MDA-protein adducts, through injection of MDA- modifi ed bovine serum albumin, 
exacerbates the parenchymal injury and infl ammation that occurs in response to 
dietary-induced NASH. Immunization also promotes recruitment of T cells and 
leads to an increase in both CD4 +  and CD8 +  pools. CD8 +  T cells have been linked to 
NASH in children, [ 66 ] while the increase of CD4 +  T cells appears to promote mac-
rophage activation through increased expression of CD40 ligand and the CD40 
receptor [ 65 ]. CD4 +  T cell depletion lowered expression of both CD40 ligand and 
markers of macrophage activation and was accompanied by histological improve-
ments in infl ammation and necrosis.  

6.5     Alcoholic Liver Disease 

 Classically, the hepatocyte cytochrome p450 enzyme CYP2E1 has been considered 
to have a major role in alcohol metabolism and thus ROS generation [ 67 ]. However, 
no differences in injury or ROS production were noted in CYP2E1 knockout mice 
fed ethanol when compared to wild type, suggesting that, at least in early alcohol- 
induced liver injury, other mechanisms may be of greater importance [ 68 ]. Almost 
two decades ago, a role for macrophages in oxidative stress and alcohol-induced 
liver injury was demonstrated by decreased radical adduct formation and reduced 
histological injury in rats receiving the macrophage inactivator GdCl 3  alongside 
chronic ethanol feeding [ 69 ]. Ethanol-induced superoxide production and its reduc-
tion by GdCl 3  administration were confi rmed in the isolated rat liver [ 70 ]. Both KCs 
in situ and those isolated following acute alcohol binge or chronic administration 
have been demonstrated to produce increased amounts of superoxide, hydrogen per-
oxide, and TNFα, with increased LPO and Nox activity [ 70 – 72 ]. The hepatic injury, 
LPO, and TNFα production resultant from ethanol administration can be suppressed 
by treatment with the antioxidant NAC and also by caffeine [ 73 – 75 ]. Of note, evi-
dence for superoxide production by liver sinusoidal endothelial cells was also 
shown [ 70 ,  71 ] and chronic alcohol administration leads to increased superoxide 
release in circulating neutrophils as well [ 71 ]. 

 With regard to the mechanism by which chronic ethanol administration has its 
infl ammatory effect, attention again falls upon the NF-κB pathway. NF-κB activa-
tion correlates with increased LPO and increased expression of a range of pro- 
infl ammatory cytokines (TNFα, IL-1β, interferon-γ, IL-12) as well as C-C (MCP-1, 
macrophage infl ammatory protein-1α) and C-X-C (macrophage infl ammatory pro-
tein- 2, CINC) chemokines [ 76 ]. The role of the chemokine CINC has already been 
discussed in relation to the infl ammatory response that arises following oxidative 
stress generated in IRI. Exacerbation of oxidative stress, hepatic injury, and pro- 
infl ammatory cytokine up-regulation following alcohol feeding in mice is prevented 
by loss of MCP-1 [ 77 ]. Thus, these investigations support the scenario in which 
alcohol administration leads to oxidative stress, NF-κB pathway activation, and 
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activation of a range of pro-infl ammatory mediators that perpetuate injury through 
both monocyte and neutrophil recruitment and activation. Indeed, isolated KCs 
from alcohol-injured liver show increased superoxide production and NF-κB activa-
tion, with increased hepatic TNFα [ 78 ]. These changes can all be blocked by main-
tenance of GSH [ 78 ]. Further investigation of the mechanisms through which the 
NF-κB pathway is activated has implicated HSPs and the heat shock transcription 
factor HSF-1. HSF-1 can be induced by oxidative stress [ 79 ] and in vitro treatment 
of blood monocytes and macrophages with ethanol increases the nuclear transloca-
tion of HSF-1 [ 80 ]. Extended ethanol exposure in macrophages results in increased 
expression of the HSF-1 target hsp90, which in turn increases NF-κB activity and 
TNFα production. Conversely, inhibition of hsp90 prevents the NF-κB elevation 
seen after prolonged alcohol administration. Therefore, it appears that the role of 
ROS in redox signaling and infl ammatory mediator stimulation may be at least as 
important as any direct cytotoxicity. Enteral feeding of alcohol to TNF-receptor 1 
knockout mice resulted in similar levels of free radical production as seen in wild- 
type mice [ 81 ]. However, liver injury, assessed by ALT increase and histopathology, 
was markedly attenuated. 

 ROS production in alcohol-induced liver disease may occur through both the 
action of Nox and XO [ 70 ,  82 ,  83 ]. P47 phox  knockout mice do not manifest the same 
degree of radical adduct production in bile that is seen in wild-type mice, nor does 
hepatic NF-κB activation occur to the same extent [ 82 ]. A similar outcome was 
achieved through administration of the Nox inhibitor DPI to rats receiving chronic 
dietary ethanol, leading to a reduction in free radical adduct formation, NF-κB acti-
vation, TNFα mRNA, and overall liver injury [ 84 ]. In isolated, ethanol-perfused rat 
liver, both DPI and the serine threonine kinase inhibitor staurosporine resulted in a 
decrease in superoxide production, supporting the conclusion that ethanol-mediated 
stimulation of superoxide production by Nox may involve protein kinase C [ 70 ]. 
Considering alternative means of ROS generation, concomitant administration of 
the XO inhibitor allopurinol with ethanol in rats also reduces liver injury, free radical 
adduct formation in bile, and NF-κB activation [ 83 ]. However, allopurinol’s ability 
to inhibit XO and independently scavenge free radicals does confound the conclu-
sion that XO generation of ROS is defi nitely at play in ethanol-induced liver injury. 

 Irrespective of the route of superoxide generation, the overexpression of the 
cytoplasmic SOD isoform, SOD1 or Cu/Zn-SOD, in KCs and hepatocytes, through 
infection of rats with an adenovirus vector, ameliorates liver injury induced by 
chronic alcohol feeding. In acute and chronic ethanol administration, increased 
SOD1 results in fewer free radical adducts, decreased activation of NF-κB and acti-
vator protein (AP)-1 transcription factor, and reduced pro-infl ammatory cytokine 
production [ 85 ,  86 ]. Thus, oxidative stress is important for NF-κB and AP-1 activa-
tion and infl ammatory cytokine production. Interestingly, a similar approach using 
adenovirus-mediated up-regulation of SOD2 (the mitochondrial isoform) in the 
liver provided protection against alcohol-induced injury, but did not affect TNFα 
expression or neutrophil infi ltration. This suggests that mitochondrial oxidative 
stress in parenchymal cells of the liver appears to occur downstream of KC activa-
tion, infl ammatory cytokine production, and neutrophil recruitment [ 87 ]. 
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 Importantly, the pathogenesis of ethanol-induced liver infl ammation does not 
merely comprise a direct response to ethanol itself. There is clinical and experimental 
evidence that ethanol exposure induces sensitization to gastrointestinal-derived 
bacterial endotoxin, as discussed in the following section [ 88 – 91 ].  

6.6     Endotoxin-Associated Oxidative Stress and Infl ammation 

 The ability of LPS to trigger superoxide production by human monocytes was origi-
nally identifi ed in vitro and was shown, through the use of blocking antibodies, to 
be dependent on the CD14 receptor [ 92 ]. The antioxidants NAC and α-tocopherol 
succinate can suppress LPS-induced KC activation, and TNFα mRNA and protein 
expression, via decreased NF-κB activation [ 93 ]. Similarly, transfection of KCs 
with adenovirus containing SOD decreases the superoxide production, NF-κB acti-
vation, and TNFα production that occurs following LPS stimulation, confi rming 
that these processes are dependent on oxidative stress [ 94 ]. In vivo, LPS leads to 
liver injury with evidence of superoxide generation, accompanied by NF-κB activa-
tion and TNFα production in KCs [ 95 ]. Pretreatment with the Nox inhibitor DPI 
protects against liver injury [ 96 ]. 

 The principle reason underlying the interest in endotoxin-mediated liver injury 
derives from evidence that alcoholic liver disease partly owes its pathogenesis to its 
ability to sensitize the immune system to bacterial endotoxin. Firstly, acute alcohol- 
induced liver injury increases plasma endotoxin, whereas neutralization of endotoxin 
ameliorates alcohol-induced liver injury in a similar manner to antioxidant adminis-
tration [ 73 ]. Also, a single enteral dose of ethanol in mice worsens the increase in 
ALT that occurs following LPS administration [ 86 ]. This sensitization can be blocked 
by prior overexpression of SOD1 or DPI, suggesting a role for oxidative stress and in 
particular Nox [ 86 ,  97 ]. In fact, ethanol leads to an increase in Rac1-GTPase activity, 
a critical component of Nox, and an increase in translocation of the p67 phox  Nox sub-
unit to the plasma membrane [ 97 ]. The downstream consequence of this is increased 
LPS-induced mitogen-associated protein kinase phosphorylation and TNFα produc-
tion. As well as inducing pro-infl ammatory cytokine production through activation 
of Nox and the NF-κB and AP-1 signaling pathways, ethanol also increases CD14 
mRNA expression in sinusoidal cells identifi ed as KCs [ 86 ]. This up-regulation can 
be inhibited by overexpression of SOD1 and also by inhibition of AP-1 or loss of 
p47 phox . Taken together this suggests that ethanol promotes CD14 expression and 
thus endotoxin sensitivity through ROS production by Nox and activation of the 
AP-1 pathway, consistent with the fi nding that the CD14 promoter contains AP-1-
responsive elements [ 98 ]. Mice defi cient in CD14 are resistant to ethanol-induced 
hepatic injury, with blunting of NF-κB activation and TNFα expression [ 99 ]. 

 It also appears that neutrophils play a signifi cant part in endotoxin-induced liver 
injury and that oxidative stress mediates this process. Plasma and hepatic GSSG 
levels increase during the neutrophil injury phase of endotoxic shock, providing evi-
dence of oxidative stress [ 100 ]. Further, more severe injury occurs in mice lacking 
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the antioxidant enzyme glutathione peroxidase [ 100 ], so oxidative stress is critical for 
this process. As seen in IRI, the leukocyte adhesion molecule Mac-1 (CD11b/CD18) 
and ICAM-1 are essential to permit neutrophil adhesion to hepatocytes to occur in 
this model [ 101 ]. In addition, neutrophils co-localize to areas where hepatocytes stain 
positively for neutrophil-derived chlorotyrosine protein adducts [ 96 ]. Hence, these 
data support the conclusion that injury occurs following neutrophil adhesion to hepa-
tocytes, permitting ROS generation and diffusion into parenchymal cells.  

6.7     Viral Hepatitis 

 Clearly, bacterial endotoxin is not the only pathogen-derived stimulant of liver 
infl ammation. Viral hepatitis poses an enormous global disease burden, with over 
400 million people estimated to be infected by or have been exposed to hepatitis B 
or C [ 102 ,  103 ]. Hepatitis C virus (HCV), in particular, has oxidative stress as a key 
component of its pathology [ 104 ]. Individuals with chronic HCV have elevated 
markers of oxidative stress in liver, peripheral blood mononuclear cells, and serum 
[ 105 – 107 ]. SOD2 expression is also increased in peripheral blood mononuclear 
cells of HCV patients, although not in liver [ 108 ]. 

 HCV proteins have been clearly demonstrated to increase ROS production, 
although most work has been carried out using hepatocytes or immortalized cell 
lines [ 109 ,  110 ]. With regard to infl ammatory cells, leukocytes obtained from the 
buffy coat of patients with HCV show evidence of oxidative stress and a role for 
phagocyte MPO in HCV has been suggested by a genotypic association between 
MPO and severity of HCV-induced fi brosis [ 111 ,  112 ]. Superoxide production was 
triggered in vitro in human monocytes through stimulation with HCV nonstructural 
protein (NS)-3, whereas stimulation with NS4, NS5A, NS5B, and core proteins of 
HCV did not lead to ROS production [ 113 ]. 

 As well as mononuclear cells, NS3 can induce prolonged release of ROS from 
neutrophils [ 114 ]. HCV-induced ROS production due to NS3 requires Nox, since 
treatment with DPI abolished superoxide generation [ 113 ,  114 ]. This phagocyte 
production of ROS can lead to dysfunction and apoptosis in natural killer and T 
cells, lymphocytes with antiviral properties [ 114 ]. Finally, in addition to the direct 
production of ROS by leukocytes via Nox2, the up-regulation of cytokine produc-
tion, especially of TNFα, transforming growth factor beta (TGFβ) and IFNγ, that is 
seen during HCV can induce expression of Nox homologs (namely Nox1 and Nox4) 
in other cell types, including hepatocytes [ 115 ,  116 ].  

6.8     Fibrosis 

 All chronic liver diseases have fi brosis as their end point, but does oxidative stress 
in the infl ammatory response have a direct fi brogenic effect? When hepatic stellate 
cells (HSCs) were cultured with human neutrophils that had been stimulated to 
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produce ROS, not only was evidence of oxidative stress apparent (by way of MDA 
and 4-HNE protein adducts), but procollagen α1(I) mRNA and protein levels 
increased compared to HSCs in co-culture with unstimulated neutrophils [ 117 ]. 
This increase was inhibited by addition of vitamin E or SOD. Exogenous XO was 
also able to stimulate procollagen expression. Similarly, co-culture of KCs and 
HSCs results in activation and proliferation of HSCs, along with increased produc-
tion of collagen I and hydrogen peroxide [ 118 ]. Addition of catalase prevents the 
increase in HSC-derived collagen I, suggesting up-regulation is mediated by oxida-
tive stress. Increased tissue inhibitor of metalloproteinase 1, IL-6, and decreased 
matrix metallopeptidase 13 were also detected in co-culture, providing further evi-
dence of progression to a fi brogenic phenotype. 

 Induction of oxidative stress in macrophages can lead to production of pro- 
fi brogenic mediators. Treatment of human and murine macrophages, or KCs iso-
lated from cirrhotic rat liver, with 4-HNE resulted in up-regulation of expression of 
TGFβ, a central cytokine involved in myofi broblast activation [ 119 ]. The up- 
regulation in TGFβ was associated with activation of the AP-1 pathway, but no 
change in NF-κB activation. The importance of the AP-1 pathway is supported by 
the in vivo observation that AP-1 DNA binding, accompanied by evidence of oxida-
tive stress, occurs after acute CCl 4  administration [ 120 ]. This AP-1 activation can be 
prevented by macrophage inactivation with GdCl 3  or antioxidant administration to 
quench 4-HNE activity. 

 Concomitant with the ability of the macrophage to exert a pro-fi brotic effect on 
HSCs, addition of 4-HNE (or xanthine/XO) to HSCs in vitro up-regulates expres-
sion of the chemokine MCP-1, suggesting that oxidative stress in these myofi bro-
blast precursors can promote monocyte recruitment [ 121 ]. MCP-1 knockout in 
acute CCl 4  liver injury reduces monocyte-macrophage infi ltration and the degree of 
both liver injury and pro-infl ammatory cytokine production [ 122 ]. This is associ-
ated with reduced elevations in markers of oxidative stress. 

 As fi brosis progresses, KCs exhibit changes consistent with oxidative stress, 
such as NF-κB activation and a decrease in GSH, combined with elevations in 
mRNA expression of infl ammatory and fi brogenic cytokines including TGFβ, 
IL-6, TNFα, and IL-1β [ 123 ,  124 ]. Cellular expression of Nox homologs also 
increases: KCs express Nox2 and HSCs express both Nox1 and Nox2 [ 125 ]. 
Genetic knockout of either Nox1 or Nox2 attenuates fi brosis, accompanied by 
reduced markers of oxidative stress [ 125 ]. The importance of Nox production in 
both KCs and HSCs in fi brogenesis is confi rmed by an alternative experimental 
approach utilizing p47 phox  knockout and bone marrow transplantation to generate 
mice in which Nox expression was only present or only defi cient in bone marrow-
derived cells [ 126 ]. Both chimeras show reduced fi brosis and markers of oxida-
tive stress in comparison to wild type. In a CCl 4  model of hepatic fi brogenesis in 
rats, inhibition of NF-κB activation, through administration of (Z)2-(5-(4-
methoxybenzylidene)-2, 4- dioxothiazolidin-3-yl) acetic acid, ameliorates injury, 
lessens fi brosis, and limits the decrease in GSH [ 127 ]. The same compound was 
shown in vitro in macrophages to inhibit the phosphorylation of IκB that is 
required for NF-κB activation [ 127 ]. 
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 It is therefore apparent that, in addition to the direct effects of injury and oxi-
dative stress on HSCs and fi brogenesis that are described elsewhere, oxidative 
stress in both KCs and neutrophils can promote fi brogenesis through the produc-
tion of fi brogenic cytokines and activation of HSCs to collagen-producing 
myofi broblasts.  

6.9     Hepatocellular Carcinoma 

 Fibrosis is an independent risk factor for development of hepatocellular carcinoma 
(HCC) and over 80 % of patients who develop HCC will have pre-existing fi brotic 
disease [ 128 ]. The mechanisms mediating malignant transformation are not well- 
understood, neither is the contribution of infl ammatory-derived oxidative stress. 
 N -nitrosodiethylamine (DEN) is frequently used to model HCC in mice. KCs iso-
lated from mice treated with DEN have enhanced superoxide production and the 
effect is also seen when DEN is applied directly to KCs in culture [ 129 ]. DEN also 
causes liver infl ammation and necrosis in vivo, with evidence of DNA damage. 
However, in p47 phox  knockout mice (defi cient in Nox) treated with DEN, hepatic 
injury and TNFα levels are reduced, with no evidence of DNA damage in hepato-
cytes. Isolated KCs from these mice did not produce superoxide, leading to the 
conclusion that DEN can stimulate KCs to generate superoxide via Nox which can 
in turn lead to genotoxic and cytotoxic effects in hepatocytes, with the potential for 
neoplastic transformation.  

6.10     Toxin Injury 

 The role of oxidative stress in toxin-mediated liver injury is unfortunately of neces-
sary interest due to the fact that drug-induced hepatotoxicity is a leading cause of 
acute liver failure in the developed world [ 130 ]. Further, acetaminophen has served 
as a predictable and translatable trigger of hepatotoxicity to permit the study of a 
variety of mechanisms underlying liver injury. As in many of the disease processes 
considered thus far, a role for macrophages in acetaminophen hepatotoxicity was 
initially demonstrated using inactivation with GdCl 3 . Pretreatment prior to acet-
aminophen administration prevented the formation of nitrotyrosine protein adducts 
indicative of peroxynitrite [ 131 ]. In control mice, acetaminophen adducts co- 
localized with nitrotyrosine in a centrilobular location. Similar fi ndings of reduced 
markers of oxidative stress were reported after macrophage inactivation with GdCl 3  
in thioacetamide-induced liver injury in rats [ 132 ]. 

 As well as evidence of oxidative stress, with decreased hepatic GSH and SOD1, 
acetaminophen administration in mice also leads to increased expression of classical 
pro-infl ammatory mediators TNFα, MCP-1, and IL-1β [ 133 ]. Antioxidant treatment 
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with NAC limits oxidative stress and liver injury. Of interest and contrary to fi ndings 
in many other liver pathologies, disruption of the NF-κB signaling pathway, as 
found in Nox-defi cient mice, does not prevent acetaminophen-induced liver injury, 
suggesting other oxidative stress-mediated pathways are of greater importance. 
Indeed, studies of acetaminophen toxicity in mouse macrophages in vitro have 
shown that ROS production is associated with mitochondrial dysfunction, including 
a decreased mitochondrial membrane potential and inhibition of complexes I and 
IV [ 134 ]. This suggests that mitochondrial oxidative and metabolic stress may be of 
central importance in acetaminophen-induced cytotoxicity in macrophages. 

 Acetaminophen is not the only toxic substance that can lead to oxidative stress 
and liver infl ammation. Silica nanoparticles, one of the most popular nanomaterials, 
with potential applications in a wide variety of biomedical fi elds, have been shown 
to activate KCs in vitro, causing ROS production and release and increased TNFα 
production [ 135 ]. In vivo, they lead to an increase in sinusoidal KC number and 
signs of oxidative stress (decreased GSH and increased MDA).  

6.11     Cholestatic Liver Disease 

 Cholestatic liver disease is commonly modeled in experimental animals by means 
of bile duct ligation (BDL). Using this model in rats, gene delivery of SOD2 was 
shown to reduce injury, assessed by histopathology, measurement of ALT, and 
TNFα, TGFβ, and collagen I(α)1 expression [ 136 ]. Both the oxidative stress marker 
4-HNE and NF-κB activation were reduced. There was less or no effect when SOD1 
was overexpressed, suggesting that cholestasis leads to liver injury via mechanisms 
involving mitochondrial rather than cytoplasmic oxidative stress. 

 When considering the infl ammatory response in cholestatic liver injury, neutro-
phils are the dominant non-parenchymal cell type [ 16 ,  137 ]. Investigations per-
formed using CD18-defi cient mice, i.e., with neutrophils lacking functional Mac-1 
adhesion molecule, revealed that the number of neutrophils located in the liver 
parenchyma 3 days after BDL was reduced by 91 % in these CD18-defi cient mice 
[ 16 ]. The mice also exhibited less severe hepatocellular injury with little staining for 
neutrophil-derived oxidative stress in the form of chlorotyrosine adducts. Similar 
fi ndings were observed in ICAM-1-defi cient mice, supporting the conclusion that 
Mac-1 and ICAM-1 interaction is required for neutrophil adherence to hepatocytes 
and subsequent oxidative stress-mediated injury [ 137 ].  

6.12     Hepatoprotective Functions of the Immune System 

 It is important to remember that the principle role of the host infl ammatory response 
is actually protection as opposed to exacerbation of injury. In the same way that 
ROS production by the phagocytic cells of the immune system can protect the host 
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through pathogen killing, it is also possible that oxidative stress can have protective 
functions in certain circumstances. Proteome analysis of isolated KCs following 8 h 
of reperfusion post-ischemia revealed that both oxidant and antioxidant protein 
expression (including catalase and SOD1) was up-regulated [ 29 ]. 

 Neutrophils producing the ROS that trigger oxidative stress and procollagen 
expression in HSCs also produce nitric oxide [ 117 ]. When nitric oxide formation is 
inhibited, ROS-stimulated collagen production increases. Conversely, treatment 
with the nitric oxide donor sodium nitroprusside inhibited procollagen expression. 
This demonstrates the presence of an in-built system to counter-balance at least 
some of the negative effects that ensue from ROS production. 

 Of greater import is the phenomenon of ischemic preconditioning, whereby a 
short period of ischemia and reperfusion subsequently reduces the injurious effects 
of a longer period of tissue or organ ischemia and reperfusion. Thus, ROS, of which 
KCs and neutrophils are major producers in IRI, can serve a protective function, 
when generated in limited quantities. In a rat model of IRI, preconditioning with 
5 min of ischemia and 15 min of reperfusion prior to 45 min of ischemia led to 
reduced hepatic injury, decreased markers of oxidative stress, and less neutrophil 
extravasation [ 31 ]. This short period of oxidative stress serves to protect against 
future and excessive ROS generation by KCs and neutrophils [ 138 ]. Indeed, antioxi-
dant administration, so often shown to be protective, abolishes the protective effects 
of either a short period of ischemic preconditioning or hydrogen peroxide infusion 
prior to prolonged IR [ 139 ]. 

 Lower levels of ROS formation may also lead to activation of the Keap1-Nrf2- 
ARE signaling pathway [ 140 ]. Oxidation of Kelch ECH-associating protein 1 
(Keap1) cysteine residues leads to dissociation from nuclear factor erythroid 
2-related factor 2 (Nrf2), which is phosphorylated by protein kinase C and then 
able to translocate to the nucleus and bind to antioxidant response elements 
(AREs). This results in up-regulation of a number of defense genes including 
heme oxygenase (HO)-1 (protective in all hepatic IRI models [ 141 ]), SOD-1, 
glutathione peroxidase, and glutathione reductase [ 4 ]. KCs can act as a major 
source of HO-1 production in the liver [ 142 ], with expression up-regulated in 
KCs from ethanol-fed rats [ 143 ]. Up-regulation can be inhibited by small inter-
fering RNA directed against hypoxia-inducible factor 1α, Nrf2, or Nox. Prevention 
of HO-1 expression results in increased infl ammatory cytokine expression (of 
TNFα and IL-1β). 

 The combination of acute alcohol administration followed by IRI revealed a 
divergent effect of oxidative stress and the infl ammatory response [ 144 ]. While 
alcohol prior to IRI worsened injury and superoxide release shortly after reperfu-
sion, NF-κB activation was suppressed, in comparison to animals receiving IRI 
alone, along with reduced expression of TNFα and CINC. Neutrophil recruitment 
was blunted and this was accompanied by a reduction in the degree of histopatho-
logic injury.  
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6.13     Summary 

 The generation of ROS, oxidative stress, and the infl ammatory response are inextri-
cably intertwined in all of the principle causes of liver pathology. Oxidative stress 
plays a key role in leukocyte activation and recruitment during liver injury and also 
contributes signifi cantly to intra- and intercellular signaling, gene expression, and 
cytokine production. 

 The pervasiveness of ROS within the liver, with production by, and action in, all 
of the cell types of the organ does pose certain challenges with regard to demon-
strating the cells of origin and dissecting cause from effect. Defi ning the production 
of ROS and consequences of oxidative stress in specifi c cell types is particularly 
relevant since it is evident that ROS can actually be of benefi t in certain cells at 
certain times, so cannot be viewed as a purely negative and detrimental component 
of injury. 

 Advances in cell-specifi c labeling techniques now permit improved identifi ca-
tion of cells and fate-mapping of cellular progeny. These same tools can be utilized 
to target gene deletion to specifi c cells and even at specifi c times during develop-
ment and disease. Thus, there are now elegant approaches available that would 
allow abrogation of ROS production or signaling specifi cally in Kupffer cells or any 
other cell of interest. Through this it will be possible to determine precisely in vivo 
the relative contributions of various cell types during the response to oxidative stress 
in the liver, thus paving the way for targeted therapies to limit the propagation of its 
negative effects during liver infl ammation.     
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    Chapter 7   
 Oxidative Stress and Liver 
Ischemia–Reperfusion Injury 

             Carmen     García-Ruíz     ,     Albert     Morales    , and     José     C.     Fernández-Checa    

7.1            Introduction 

 Liver damage induced by ischemia/reperfusion (I/R) has an important impact in dif-
ferent clinical settings such as liver resection, transplantation, trauma, or hemor-
rhagic shock. Hepatocyte ischemia during liver transplantation, resection, and shock 
causes anoxia, depletion of glycolytic substrates, loss of adenosine triphosphate 
(ATP), and acidosis. When blood fl ow returns to hepatocytes, the normal oxygen 
concentration and acid–base balance are restored; however, paradoxically, 
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hepatocyte injury is prominent upon reperfusion. Hence, a better understanding of 
the molecular events contributing to hepatic I/R injury may be of signifi cant rele-
vance to ensure successful graft function. While this process is multifactorial, cumu-
lating evidence indicates that mitochondrial dysfunction and overgeneration of 
reactive oxygen species (ROS) and oxidants and compromised antioxidant defense 
are crucial events in liver I/R damage. In addition to the contribution of infl amma-
tory cells in the overgeneration of ROS, recent evidence point to mitochondria as 
another critical source of ROS generation, which contribute to hepatic I/R injury. 
This event is important as it opens the possibility to design specifi c antioxidant strat-
egies to target the mitochondrial contribution of ROS generation as a valid approach 
to protect the liver against I/R-mediated damage. In the following sections, we will 
briefl y describe the current evidence describing the major reactive species gener-
ated, their source, and contribution to hepatic I/R damage and potential strategies 
aimed to improve function in suboptimal grafts, such as those with steatosis.  

7.2     Reactive Oxygen Species and Free Radicals 
in Hepatic I/R Injury 

 The toxicity of oxygen remained unclear until the seminal contribution of Rebeca 
Gerschman in the 1950s proved for the fi rst time the existence of free radicals in 
her “oxygen poisoning” article published in Science [ 22 ]. After her fi ndings of the 
synergism between radiation and hyperbaric oxygen in decreasing the survival of 
exposed mice, she proposed that the toxicity of oxygen was due to its partially 
reduced forms. Free radicals are molecules or atoms (e.g., oxygen, nitrogen) with 
unpaired electrons. Oxygen atoms are an intrinsic part of most of the molecules 
that make up our bodies. A molecule of  atmospheric  oxygen is composed of two 
oxygen atoms bound together chemically (O 2 ). This molecule is relatively stable, 
although inhaled oxygen does participate in metabolic reactions within the body’s 
cells. Through several enzymatic and no enzymatic processes that routinely occur 
in cells, O 2  accepts single electrons to form ROS. These species encompass a vari-
ety of molecules and free radicals that derived from molecular oxygen. The con-
sequences of ROS on cellular processes depend on the strength and duration of 
exposure, as well as the context of the exposure. ROS are highly reactive, because 
they are chemically or electrically unstable, and are known to be involved in a 
number of physiological and pathological processes, liver diseases, and hepatic I/R 
injury. Free radicals are very reactive species, which can derive from oxygen or 
nitrogen that when generated in a controlled fashion may regulate signaling path-
ways and control cellular process, but when generated in excess promote cell and 
tissue injury [ 56 ]. In the case of ROS, mitochondria are an important source of these 
species, which generate in the mitochondrial electron transport chain (ETC) where 
oxygen consumption is used to generate ROS. The estimation of oxygen consumed 
in the ETC used for ROS generation is about 2 %. The liver is a metabolically active 
and highly aerobic organ whose viability depends on the accessibility to oxygen. 
Oxygen consumption in the liver is 100–150 μmol/h/g of wet weight. Sinusoidal 
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blood fl ow and hepatic metabolism create gradients of oxygen, metabolites, and 
hormones between periportal and pericentral regions of the liver lobule contribut-
ing to the development of biochemical differences between hepatocytes in different 
regions. Although the liver is fairly vulnerable to hypoxic injury, its dual vascu-
larization provides some protection against hypoxia. Prolonged liver ischemia is 
characterized by reducing tissue oxygenation and a lack of ATP in hepatocytes, 
Kupffer and sinusoidal endothelial cells (SECs) [ 77 ], with a transition to activa-
tion of anaerobic metabolic pathways, which cannot maintain cellular  function for 
 prolonged  periods. During anoxia and ischemia, glycolytic ATP formation replaces, 
in part, ATP lost from oxidative phosphorylation and delays anoxic hepatocellu-
lar cell death. In low fl ow states, pericentral regions of the liver become anoxic, 
whereas periportal areas remain normoxic. 

7.2.1     Major ROS Generation and Defense During Hepatic I/R 

 Ischemia implies the loss of blood supply, which can be relative or absolute. Tissue 
injury and stress in ischemia begins as tissue oxygen levels reach very low levels [ 38 ]. 
Depletion on intracellular and extracellular ATP during ischemia results in increased 
ATP degradation products, including adenosine, hypoxanthine and xanthine, and a 
shift towards anaerobic metabolism. Although hypoxia produces an overgeneration 
of ROS [ 26 ], and ischemia induces necrotic cell death after 30 min from oxygen 
deprivation, it is the reperfusion that paradoxically initiates a cascade of pathways 
that cause further cellular injury after prolonged ischemia. Reoxygenation of 
hypoxic liver mediates liver injury through different mechanisms in three phases, 
namely early, intermediate, and late, whose importance is dependent on the length 
of the ischemia period [ 47 ]. In the very early phase, mitochondrial dysfunction 
leads to hepatocellular cell death and involves mitochondrial permeability transition 
(MPT). When MPT occurs, mitochondria begin to swell and the mitochondrial 
membrane potential collapses leading to the ATP depletion, release of cytochrome 
c and apoptosis. The translocation of iron from lysosomes into mitochondria has 
been shown to synergistically promote ROS formation, MPT opening, and cell 
death [ 88 ]. Thus, damaged mitochondria produce progressively greater amounts of 
ROS, which in turn, impairs mitochondrial function, thereby increasing the reduc-
tion of ATP production and compromised cell function. In the intermediate phase, 
which lasts up to 6 h after restoration of the blood fl ow, Kupffer cells mediate cell 
death (apoptosis and necrosis), and the release of free radicals, chemokines, and 
proinfl ammatory cytokines such as tumor necrosis factor (TNF) and IL-1β. 
Infl ammatory cytokines, e.g., TNF, can also further stimulate generation of further 
bursts of ROS, thus amplifying the generation of ROS from different sources. TNF 
is of particular importance by triggering the infl ammatory cascade and inducing the 
expression of adhesion molecules (i.e., ICAM-1 and VCAM-1) and further promote 
the adhesion, migration, and chemotaxis of neutrophils, resulting in increased liver 
damage. Activation of neutrophils can directly damage liver cells by the release of 
oxidants and proteases after reperfusion. TNF may directly cause liver damage by 
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binding receptors on the surface of the liver cells and induce overproduction of ROS, 
activation of nuclear factor-κB (NF-κB), MAPK, and JNK. In addition, ischemia 
reperfusion injury causes calcium release from the endoplasmic reticulum [ 76 ], 
leading to the activation of the unfolded protein response (UPR), a signal transduc-
tion pathway, that further generates ROS, contributing to apoptosis and necrosis. In 
this regard, it has been shown that knockout mice defi cient in the ER protein BI-1 
(Bax inhibitor 1) exhibit increased histological and biochemical liver injury when 
subjected to transient blood fl ow occlusion [ 2 ]. In the late phase, between 6 and 24 h 
after reperfusion, injury is caused by neutrophil activation, involving margination 
and transendothelial migration of neutrophils in response to Kupffer cell-generated 
chemoattractants and release of toxic mediators such as ROS and proteases (e.g., 
cathepsins). Oxidative stress occurs when the rate of ROS/RNS generation exceeds 
the capacity of the cell for their removal. In addition to the concept that an unbal-
ance between oxidants and antioxidants triggers oxidative stress, a strict equilib-
rium between antioxidants ensures defense against ROS [ 56 ]. For instance, depletion 
of glutathione (GSH) contributes to cell injury in the face of increased superoxide 
scavenging due to the accumulation of potent oxidants and free radicals [ 93 ]. 
Aerobic metabolism releases ROS, which under normal circumstances are neutral-
ized through diverse antioxidant mechanisms. However, under stress conditions the 
balance between ROS and antioxidants shifts towards the former, resulting in oxida-
tive stress and cytotoxicity [ 92 ]. Mitochondrial proteins are particularly sensitive to 
oxidative (ROS/RNS) stress. Inactivation of mitochondrial proteins by oxidants has 
been shown to contribute to dysfunction and injury during hepatic ischemia reper-
fusion [ 61 ]. Superoxide anion, hydrogen peroxide, and peroxynitrite are the main 
ROS species involved in I/R injury. 

7.2.1.1     Superoxide Formation 

 Mitochondria are a main source of ROS (Fig.  7.1 ). ROS are produced during 
 oxidative metabolism mainly by the complexes I and III of the ETC [ 4 ,  93 ]. Most of 
the oxygen consumed by aerobic organisms is reduced to water by the enzyme cyto-
chrome c oxidase in the terminal reaction of the mitochondrial respiratory chain. 
However, a small amount (1–2 %) of the oxygen molecules is converted to superox-
ide anion radical by other respiratory components [ 9 ]. Superoxide can poten tially be 
generated at a number of different sites, mainly complex I (NADH-ubiquinone oxi-
doreductase) and complex III (ubisemiquinone), but also by other mitochondrial 
enzyme complexes including the dihydrolipoamide dehydrogenase containing FAD-
linked pyruvate and α-ketoglutarate dehydrogenase complexes, as well as the fl avo-
enzymes α-glycerophosphate dehydrogenase, and the electron-transferring 
fl avoprotein Q oxidoreductase (ETFQOR) of fatty acid β-oxidation [ 37 ,  82 ,  83 ]. 
Complex I is an important source of superoxide formation and one of the major sites 
where premature electron leakage to oxygen occurs. Complex I produces superoxide 
during forward electron fl ow (NADH-oxidizing) [ 30 ,  44 ] or during reverse electron 
transport from the ubiquinone (Q) pool (NAD + -reducing) at suffi ciently high proton-
motive force [ 46 ]. Inhibitors of electron transfer to ubiquinone (IQ inhibitors), such 
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as rotenone and piericidin, prevent electron escape from the complex and increase 
superoxide production by complex I under conditions of high NADH/NAD + . During 
forward ETC, the production of superoxide is very low (about 0.1 % of the total 
oxygen consumed during electron fl ow). While in the reverse fl ow of electron in 
which electron transport occurs in a reverse direction to reduce NAD +  to NADH, the 
rate of superoxide formation is high, as much as 5 % of the electron fl ow is directed 
towards complex I. The ratio of NADH to NAD +  determines the rate of superoxide 
formation. Superoxide formation by complexes I and III in the respiratory chain is a 
nonenzymatic process. This activity should increase by mass action when the elec-
tron carriers are highly reduced or in the presence of mitochondrial inhibitors. 
Superoxide production by mitochondrial electron carriers should also increase with 
oxygen concentration since cytochrome c oxidase, with a  K  m  for oxygen in the sub-
micromolar range, is basically saturated under physiological conditions and will not 
compete for the extra oxygen. Electrons from substrate oxidation are carried to com-
plex III via the reduction of ubiquinone (Q) to ubiquinol (QH2). At complex III, 
superoxide is produced at the Qo site (the ubisemiquinone located on the outer side 
of the inner membrane). Inhibitors of complex III that prevent Q binding at the Qo 
site, such as stigmatellin and myxothiazol, block electron entry into the complex and 
prevent ROS production even in the presence of Qi inhibitors [ 64 ]. A role for 

  Fig. 7.1    Mitochondrial sites of ROS generation and defense. The mitochondrial respiratory chain 
is a major source of ROS due to the leakage of electrons to molecular oxygen to form superoxide 
anion. This species is then dismutated by MnSOD to form hydrogen peroxide, which is detoxifi ed 
by several antioxidant systems, most predominantly by the GSH redox cycle but also by the per-
oxiredoxin/thioredoxin couple. The reaction of superoxide with NO generates peroxynitrite, which 
contributes to mitochondrial dysfunction by targeting tyrosine residues of affected proteins       
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complex III in mediating autophagy has been described after its inhibition by myxo-
thiazol [ 52 ]. A recent study by Sun et al. [ 86 ] suggests that autophagy suppressed 
ischemic liver injury by reducing ROS-induced necrosis, pointing to new strategies 
in the pretreatment of liver injury, and restoration or enhancement of autophagy may 
be a therapeutic strategy to prevent IR injury in livers from elderly patients [ 94 ]. 
O 2  −  is effi ciently dismutated to hydrogen peroxide (H 2 O 2 ) by Mn 2+ -dependent super-
oxide dismutase (Mn-SOD). In fact, superoxide is a mild reactive radical and con-
sidered a primary ROS, which can lead to the  generation of more reactive species, 
and secondary ROS, such as hydrogen peroxide.   

7.2.1.2     Hydrogen Peroxide 

 Hydrogen peroxide, a potent oxidant, is produced as a secondary product via super-
oxide dismutation by Mn-SOD. The stoichiometry between superoxide and hydro-
gen peroxide is close to 2.0 [ 10 ]. Hydrogen peroxide in mitochondria is detoxifi ed 
to water by several antioxidant strategies, predominantly by peroxiredoxin-III and 
thioredoxin-2 as well as by GSH peroxidases, which use reduced GSH as a cofactor 
[ 56 ]. GSH is one of the most important intracellular defenses against the deleterious 
effects of ROS and electrophiles. The antioxidant function of GSH is determined by 
the redox-active thiol of cysteine that becomes oxidized when GSH reduces target 
molecules [ 69 ]. Upon reaction with ROS or electrophiles, GSH becomes oxidized 
to GSSG, which can be reduced to GSH by the GSSG reductase (GR). Thus, the 
GSH/GSSG ratio refl ects the oxidative state and can interact with redox couples to 
maintain appropriate redox balance in the cell. In addition to GSH and the GSH 
redox cycle there are a number of small molecule antioxidants that play a role in 
detoxifi cation. Vitamin C or ascorbic acid is a water-soluble molecule capable of 
reducing ROS, while vitamin E (α-tocopherol) is a lipid-soluble molecule that has 
been suggested as playing a similar role in membranes. In liver mitochondria,    GSH 
is the only defense against hydrogen peroxide, because this organelle lacks catalase. 
As described below, the levels of mitochondrial GSH (mGSH) in relation to those 
of Manganese superoxide dismutase (MnSOD) is an important factor determining 
the therapeutic benefi t of superoxide scavenging by regulating effi cient detoxifi ca-
tion of hydrogen peroxide. Indeed, hydrogen peroxide accumulation can be the 
source of the hydroxyl radical, a very reactive radical with a short half-life in vivo 
(~10 −9  s), which derives from hydrogen peroxide and superoxide anion in the pres-
ence of reduced transition metals (i.e., Fe 2+  or Cu + ) in the Fenton reaction.  

7.2.1.3    Peroxynitrite 

 Besides ROS, nitric oxide (NO) is the source of other potent reactive nitrogen spe-
cies (RNS) that also participate in pathophysiology of hepatic I/R injury. NO com-
bines with superoxide to form the RNS peroxynitrite or the radical nitrogen dioxide. 
Early generation of ROS and RNS during reperfusion is considered to play a pivotal 
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role in initiating a chain of deleterious cellular responses leading to infl ammation and 
cell death, which eventually culminate in target organ dysfunction and failure [ 63 ]. 
An important early mechanism of liver failure is the marked sinusoid vasoconstric-
tion that develops during reperfusion, as a consequence of an imbalance between 
vasoconstrictors, especially endothelins, and vasodilators, essentially NO. In the 
liver, NO is normally produced exclusively by eNOS expressed by sinusoid endothe-
lial cells. In liver ischemia reperfusion injury, a signifi cant reduction of eNOS activ-
ity has been demonstrated both in humans and animals, precipitating in  sinusoidal 
vasoconstriction [ 14 ]. Increased superoxide generation consumes NO, contributing 
not only to peroxynitrite formation but also to the further aggravation of vasocon-
striction. As such, a viable approach to attenuate hepatic I/R injury is the scavenging 
of superoxide, which is expected to result in the sparing of NO and in the reduction 
of peroxynitrite, a potent reactive species with a short half-life responsible for many 
damaging modifi cations of tyrosine residues in mitochondrial target proteins [ 93 ]. 
As mentioned above, ischemia reperfusion injury also rapidly activates Kupffer 
cells, which then produce proinfl ammatory cytokines, free radicals, oxidants, and 
large amounts of NO due to iNOS expression. These events result in the activation of 
neutrophils, endothelial cells, and hepatocytes, which further release toxic levels of 
oxidant species and iNOS-derived NO in the delayed phase of IR injury. The patho-
genic role of oxygen-centered radicals in this setting has been well established by the 
signifi cant reduction of liver damage provided by various antioxidant strategies. 

 Although NO is crucial for peroxynitrite and other species, whether hepatic 
mitochondria generate NO or not is controversial. Although the existence of mito-
chondrial nitric oxide synthase (NOS) has been described in mitochondrial fractions 
from different organs, recent evidence in rat liver mitochondria has questioned the 
existence of mtNOS, minimizing the contribution of in situ NO generation within 
mitochondria to the formation of peroxynitrite [ 91 ]. However, since NO is freely 
diffusible across membranes, it is possible that the mitochondrial production of 
peroxynitrite may derive from extramitochondrial NO diffusing into mitochondria 
to react with superoxide generated by ETC.   

7.2.2     Sources of ROS in Hepatic I/R Injury 

 Cellular sources for ROS production after IR injury include mitochondrial metabo-
lism, hepatocyte-derived xanthine oxidase activation, and Kupffer- and SEC- 
associated NADPH oxidase (Fig.  7.2 ).  

7.2.2.1    Mitochondrial Metabolism 

 Mitochondria are intracellular organelles that play important functions including 
cell signaling and apoptosis. As mentioned before, the physiological role of mito-
chondria is energy generation in the form of ATP within the ETC using oxygen as 
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the ultimate electron acceptor. The movement of electrons along the ETC generates 
a protonmotive force, which is transduced to phosphorylate ADP to form ATP. The 
electron transport is a very well organized process that involves several redox cen-
ters assembled in four protein complexes embedded in the inner mitochondrial 
membrane. The main sites of side-reaction with oxygen are localized at complexes 
I and III, and as recently shown, also at complex II [ 66 ]. Complex I is comprised of 
46 different subunits; its complexity contributes to the still unknown exact sites of 
superoxide generation. Nevertheless, ubisemiquinone and fl avin mononucleotide 
have been suggested as superoxide generators [ 46 ,  87 ]. At complex III, ubisemiqui-
none or cytochrome b has been considered as the source of superoxide production. 
The Q-binding pocket of mGPDH has been suggested as a H 2 O 2  source at complex 
II [ 66 ]. From the several sites that can generate superoxide in the mitochondrial 
matrix, only the superoxide produced at complex III appears to be released both into 
the matrix and the intermembrane space (IMS) [ 72 ]. This spatial difference (matrix 

  Fig. 7.2    Extramitochondrial sources of ROS production. Besides the ETC of mitochondria, other 
liver cells contribute to the generation of ROS during hepatic I/R. As depicted, hepatocytes are a 
major source of ROS generation via XO activation. In addition, endothelial cells, neutrophils, and 
Kupffer cells generated diverses ROS species, which contribute to liver damage during I/R       
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vs. IMS) may determine whether mitochondrial superoxide reaches the cytosol or 
not. The anionic nature of superoxide and the fact that it is mostly produced in the 
mitochondrial matrix determine that the bulk of antioxidant defenses to neutralize 
superoxide and other ROS reside in the matrix (Fig.  7.1 ). 

 Although it is highly recognized that mitochondria are targets for the ROS/RNS 
generation during I/R, their contribution to ROS generation in hepatic I/R injury has 
remained elusive [ 36 ]. In line with this role, it has been shown that targeting antioxi-
dants to mitochondria, such as Mito-Q or Mito-CP dose-dependently attenuated 
I/R- induced liver dysfunction, the early and delayed oxidative and nitrative stress 
response (HNE/carbonyl adducts, malondialdehyde, 8-OHdG, and 3-nitrotyrosine 
formation), and mitochondrial and histopathological injury/dysfunction, as well as 
delayed infl ammatory cell infi ltration and cell death [ 63 ]. These fi ndings support 
the view that these antioxidants can attenuate mitochondrial dysfunction and ROS/
RNS generation in vivo under hepatic I/R, most probably by attenuating lipid per-
oxidation and the subsequent deleterious cascade of events associated with hepatic 
I/R. Emerging evidence indicates that mitochondrial ROS/RNS formation may 
directly or indirectly control expression of NAD(P)H oxidases and hence recruit or 
modulate the degree of the burst of ROS generation caused by Kupffer and infl am-
matory infi ltrates [ 15 ]. Moreover, in line with these fi ndings two-photon confocal 
microscopy analyses indicated increased mitochondrial ROS generation in vivo 
during hepatic I/R injury that paralleled the loss of mitochondrial membrane poten-
tial, thus further indicating that mitochondria are a critical source and target of ROS 
contributing to liver I/R damage.  

7.2.2.2    Extramitochondrial Sources 

 The xanthine oxidase has been identifi ed as an important ROS source during the 
reperfusion stage. In fact the protective effect of allopurinol in in vivo and in vitro 
studies has been reported in hepatic I/R, involving the xanthine oxidase-induced 
oxidant stress in the pathogenesis of the injury. Liver contains high concentrations 
of xanthine oxidase (XO) and xanthine dehydrogenase (XDH). During prolonged 
hepatic ischemia periods, XDH is converted in XO either by reversible oxidation of 
cysteine residues or irreversibly with the involvement of Ca 2+  stimulated proteases. 
In this scenario, XO no longer reduces NAD +  but rather transfer electrons to molec-
ular oxygen producing the superoxide radical. Upon reoxygenation of the tissue, 
oxygen enters the vicious cycle producing a burst of superoxide production. 

 Hepatocytes and SEC are the two main cell types that are injured after 
I/R. Hepatocytes are more sensitive to warm (37 °C) ischemic injury while SECs 
are more sensitive to cold ischemia (4 °C) found in cold preservation of donor liver 
grafts before transplantation. There is also evidence that under cold ischemia, 
Kupffer cells contribute to ROS generation. The conversion of XDH to XOD fol-
lowing cold storage is slow in SEC and hepatocytes but much faster in Kupffer cells. 
Moreover, increased vascular oxidant stress under ischemia is attenuated by inacti-
vation of Kupffer cells but not by allopurinol [ 34 ]. In line with this evidence, treat-
ment with gadolinium chloride has been shown to reduce the capacity of Kupffer 
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cells to generate ROS and protect against hepatic I/R injury [ 12 ]. A note of caution 
regarding the contribution of Kupffer cells to ROS generation implies that the 
stimulatory state of Kupffer cells after I/R depends on the duration of ischemia, and 
it may also differ between warm and cold ischemia. NADPH oxidase is the main 
source of superoxide formation by neutrophils, which also include generation of 
hydrogen peroxide and hydroxyl radical. Activated neutrophils also release elas-
tase, cathepsin G, and hydrolytic enzymes that directly infl ict damage to hepato-
cytes [ 33 ]. Neutrophil recruitment into the liver occurs during the fi rst hours after 
reperfusion, however, at this time period, neutrophils do not generate signifi cant 
amount of ROS but are primed for their generation, which is maximal between 6 
and 24 h after reperfusion, a fi nding that correlates with a neutrophil-mediated 
injury phase [ 33 ]. Consistent with this role, the main cytotoxic ROS induced by 
neutrophils include hydrogen peroxide and hypochlorous acid [ 25 ,  28 ].    

7.3     Dual Role of ROS in Hepatic I/R Injury: NF-κB 
Activation and Infl ammatory Cytokines Generation 

 Besides the ability of ROS to infl ict cell damage through attack to biomembranes, 
enzymes, proteins, and nucleic acids, ROS also play a signaling function recruiting 
the activation of downstream target of relevance for hepatic I/R injury [ 6 ,  14 ,  23 ,  32 , 
 47 ,  58 ,  84 ]. Some of these events regulated by (mitochondrial) ROS generation 
include NF-κB activation, JNK activation, and the activation of Toll-like receptors 
(TLR). This family of receptors is known to play a fundamental role in innate immu-
nity and infl ammation, and recent evidence indicated that TLR, particularly TLR4, 
plays a key role in hepatic I/R injury [ 98 ]. Furthermore, TLR4 defi ciency in the 
donor organ reduces I/R injury in a murine liver transplantation model [ 80 ]. Using 
differential proteomic analysis, Scaloni et al. [ 75 ], described early protein targets of 
I/R during liver transplantation. This approach uncovered the overoxidation of the 
active-site thiol of PrxI into sulfonic acid, indicating that the redox state of Prx may 
be an early and sensitive marker of oxidative stress in hepatic I/R and liver trans-
plantation [ 90 ]. Although these factors are useful in the design of biochemical strat-
egies to modulate hepatic I/R injury, ischemic preconditioning (IPC) is a surgical 
strategy of therapeutic value during I/R, involving a number of mechanisms, includ-
ing the redox-sensitive mitochondrial ATP-sensitive K +  channels that control ROS 
production [ 18 ]. Moreover, TNF has been identifi ed as a key player in hepatic I/R 
damage [ 73 ]. In this regard, IPC with TNF/Fas reduces ischemic injury in the liver 
through a compensatory mechanism modulating the activation of oxidative stress 
[ 35 ]. Consistent with the role of TNF/Fas in acid sphingomyelinase (ASMase) acti-
vation, it was shown that ASMase null mice are resistant to hepatic I/R injury [ 50 ]. 
Indeed, ASMase-induced ceramide generation targeted mitochondria through JNK 
and BimL activation. Thus, in addition to the previously described mechanisms and 
consistent with the role of ceramide in recruiting the mitochondrial pathway of cell 
death, ASMase emerges as a potential target for intervention against hepatic I/R. 
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 The role of NF-κB and ROS in hepatic I/R injury is quite intriguing, with NF-κB 
playing a controversial role because of its dual action in the induction of  survival/
infl ammatory genes. For instance, hepatic NF-κB activation has been shown to ame-
liorate hepatic I/R injury, improving orthotopic liver transplantation, whereas 
NF-κB inactivation protects against hepatic I/R [ 43 ,  85 ]. These opposing results can 
be explained on the basis of different degrees of residual NF-κB activation. 
Moreover, ROS and oxidative stress exert a dual effect on NF-κB activation, which 
involves its release from the inhibitory moiety in the cytosol, its nuclear transloca-
tion, and the subsequent transactivation of target genes. Recent data showed that 
NF-κB transactivation is impaired in hepatocytes after GSH depletion, involving 
IKK-dependent and -independent mechanisms [ 51 ]. In addition, GSSG formation 
following ROS overgeneration inactivates NF-κB [ 16 ]. In addition to this dual role, 
the activation of NF-κB in different population of cells in the liver also may contrib-
ute to the dichotomy of NF-κB in I/R-induced liver injury. Recent fi ndings showed 
that ROS mediate liver injury selective parenchymal inactivation of NF-κB in 
I/R [ 49 ]. Thus, activation of NF-κB after I/R in hepatocytes occurs through a non-
canonical pathway without IκB degradation requiring Src activation, NF-κB activa-
tion in Kupffer cells involves a canonical pathway mediated by TLR. These fi ndings 
have important implications, suggesting that strategies that increase GSH in hepato-
cytes would maintain NF-κB activation and hence the expression of survival genes 
without changing the induction of proinfl ammatory cytokines, which may thus con-
tribute to the protection against I/R damage. In contrast, marked GSH depletion 
contributes to the downregulation of survival genes and in the enhanced generation 
of TNF/IL-1β, which translated into exaggerated liver damage after I/R.  

7.4     Fatty Liver Sensitizes to I/R-Mediated Injury 

 Hepatic I/R is an intrinsic condition of diverse clinical settings, including liver 
transplantation, which is indicated for the treatment for chronic end stage liver 
disease and acute liver failure. As the number or quality of organs available for 
transplantation is insuffi cient to meet the demand for liver transplantation, the use 
of suboptimal quality grafts, such as steatotic livers, are increasingly being used in 
clinical practice [ 78 ]. However, this approach may compromise the overall success 
of liver transplantation due to the known sensitization of fatty liver to second hits, 
including I/R-mediated ROS generation leading to hepatocellular death [ 81 ]. Due 
to the rising prevalence of obesity and type II diabetes among the general popula-
tion, fatty livers constitute an expanding pool of marginal grafts available for trans-
plantation. Hepatic steatosis is known to impose an additional risk of primary graft 
dysfunction. Fat accumulation within hepatocytes increases cell volume resulting 
in a decreased sinusoidal space and impaired microcirculatory blood fl ow [ 27 ], 
even though the molecular mechanisms, underlying the susceptibility of fatty livers 
to ischemia/reperfusion injury, remain incompletely understood. In this regard, 
according to the morphology, size, and percentage of hepatocytes exhibiting 
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cytoplasmic fat deposits, it has been reported that fatty livers with macrovesicular 
steatosis are more susceptible to I/R injury than those with microsteatosis, correlat-
ing with impaired hepatic perfusion and portal vein fl ow [ 17 ,  79 ]. Moreover, the 
contribution of microvesicular steatosis to graft dysfunction after transplantation 
remains unclear. Some studies showed that livers with moderate microsteatosis are 
nonfunctional after transplantation, while other reports discarded a role for microve-
sicular steatosis on graft or patient survival [ 20 ,  89 ,  97 ]. Regardless of the morpho-
logical appearance of fat, steatotic livers are more susceptible than nonsteatotic 
livers to lipid peroxidation [ 57 ] and fatty livers tolerate poorly cold and warm isch-
emia/reperfusion injury and are associated with high mortality after major surgery 
and transplantation [ 5 ]. Interestingly, IL-6 has been shown to protect obesity and 
alcohol- associated fatty liver against I/R injury [ 31 ]. Long-term and short-term 
IL-6 treatments elevate serum levels of triglyceride and cholesterol in both lean and 
ob/ob mice, which refl ects the stimulation of hepatic triglyceride secretion by IL6 
by a poorly understood mechanism. Importantly, IL-6 protected fatty liver from 
hepatic I/R injury by suppressing TNF expression and serum TNF levels, which is 
associated by downregulation of proinfl ammatory cytokines and reduced ROS pro-
duction and oxidative stress. Furthermore, IL6 upregulated the expression of 
PPARα, which is known to induce fat oxidation via increased peroxisomal, micro-
somal, and particularly mitochondrial fatty acid oxidation that prevents steatosis. 
Overall, uncovering mechanisms that protect fatty livers against hepatic I/R injury 
may be of clinical relevance by increasing the number of suboptimal grafts available 
for live transplantation.  

7.5     Cholesterol and Hepatic I/R Injury 

 Hypercholesterolemia is an important risk factor for the development of 
 atherosclerosis and a number of diverse diseases. The chronic infl ammatory nature 
of atherosclerotic lesions has been described as consisting of infl ammatory cell infi l-
trates, enhanced cytokine production, and an increased expression of endothelial 
cell adhesion molecules. Emerging evidence indicates that in addition to vascular 
diseases hypercholesterolemia may be a sensitizing factor for hepatic I/R injury. 
As discussed above, hepatic steatosis is an important factor sensitizing to hepatic 
I/R injury, although the contribution of macro vs. microsteatosis to hepatic I/R 
injury is not well established [ 17 ,  20 ,  79 ,  89 ,  97 ] Recent data have examined the 
specifi c contribution of the individual lipids accumulating in fatty liver to I/R injury. 
Using nutritional models of hepatic steatosis characterized by predominant TG/FFA 
or cholesterol accumulation by feeding mice diet-defi cient in choline (CD) or 
enriched in cholesterol (HC), respectively [ 55 ], it has been recently reported that 
increased cholesterol levels sensitized to hepatic I/R damage [ 48 ] In particular, 
HC-fed but not CD-fed mice exhibit mitochondrial cholesterol loading that corre-
lated with increased mitochondrial depolarization and increased ROS generation 
due to selective mGSH depletion. Moreover, ob/ob mice, characterized by increased 
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hepatic TG, FFA, and cholesterol levels, are as sensitive to I/R-mediated liver 
injury as mice fed the HC diet. Livers from ob/ob mice displayed increased StAR 
expression, a polypeptide responsible for the traffi cking of cholesterol to the mito-
chondrial inner membrane [ 11 ,  60 ], and mitochondrial cholesterol accumulation, 
resulting in mGSH depletion. Moreover, rats fed a high-cholesterol diet for 12 
weeks also exhibited increased susceptibility to 45 min of ischemia followed by 2 h 
reperfusion [ 42 ]. The contribution of cholesterol to normothermic ischemic injury 
is independent of the qualitative appearance of steatosis (microsteatosis vs. macro-
steatosis). Livers with microsteatosis induced by CD diet feeding are less sensitive 
to I/R damage than those with macrosteatosis observed in ob/ob mice [ 79 ]. However, 
the steatosis of CD-fed mice is relatively microvesicular compared to that of ob/ob 
mice, but it is more macrovesicular than that of HC-fed mice, and yet HC-fed mice 
are more sensitive to hepatic I/R injury than CD-fed mice. Thus, these fi ndings 
indicate that the relative qualitative aspect of steatosis plays a minor role in hepatic 
I/R susceptibility. The sensitizing effect of cholesterol to liver I/R injury is indepen-
dent of the approach to induced hypercholesterolemia and of the species examined, 
as indicated in studies with LDLR null mice and in rabbits fed a high-cholesterol 
diet [ 21 ,  62 ]. The role of cholesterol in sensitizing to normothermic hepatic I/R 
injury is due to its traffi cking and accumulation in mitochondria, resulting in subse-
quent mGSH depletion Mitochondrial cholesterol loading is known to perturb 
membrane dynamics affecting selective carriers, including the GSH mitochondrial 
transporter but not the  S -adenosyl- L -methionine (SAM) carrier nor the ANT trans-
locator [ 13 ,  19 ]. 

 Cholesterol is synthesized in the ER from acetate in a multistep cascade that 
requires oxygen and energy. The precursor acetyl-CoA is fi rst converted to 
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) and then to mevalonate. The rate- 
limiting step of cholesterol biosynthesis is the conversion of HMG-CoA to meval-
onate catalyzed by the HMG-CoA reductase (HMGCR), which is the target of 
statins (Fig.  7.3 ). Atorvastatin therefore has been shown to downregulate mitochon-
drial cholesterol loading and consequently prevents mGSH depletion. However, by 
targeting HMG-CoA R, statins may have broad effects far from just preventing 
cholesterol synthesis, as the conversion of mevalonate into farnesyl-PP can branch 
into non-sterol intermediates including isoprenoids, which can regulate a number of 
target proteins posttranslationally. For instance, it has been reported that atorvas-
tatin protected obese mice against hepatic I/R damage by suppressing Toll-like 
receptor 4 and endothelial NOS activation [ 1 ]. Moreover, statins have been reported 
to activate the transcription factor Kruppel-like factor 2 (KLF2), which plays an 
important role in orchestrating a variety of vasoprotective pathways [ 24 ,  68 ]. 
Although these fi ndings illustrate the pleiotropic effects of statins in hepatic I/R 
defense, the benefi cial effect of atorvastatin in ob/ob mice against hepatic I/R injury 
due to the downregulation of cholesterol and its traffi cking to mitochondria was 
further confi rmed upon inhibition of squalene synthase, which catalyzes the fi rst 
committed step in cholesterol synthesis (Fig.  7.3 ). Squalene synthase inhibition 
by YM-53601 paralleled the effects observed with atorvastatin with respect to 
mitochondrial cholesterol depletion and subsequent mGSH restoration, strongly 
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suggesting that the benefi cial effects of atorvastatin in hepatic I/R susceptibility is 
due to cholesterol regulation. In line with the effects of atorvastatin, previous stud-
ies reported that simvastatin reduces the mortality and hepatic injury after 
 hemorrhage/resuscitation in rats or during I/R [ 45 ,  70 ]. Interestingly, it has also 
been reported that ischemia reduces caveolin-1 protein expression, which persisted 
for 1 h post- reperfusion and recovered after 4 h [ 39 ]. While the mechanisms under-
lying the contribution of impaired expression of caveolin-1 to hepatic I/R injury 
remains to be understood, previous fi ndings have indicated that hepatocytes from 
caveolin-1 knockout mice exhibit increased mitochondrial cholesterol loading, mGSH 
depletion, mitochondrial dysfunction, and sensitization to oxidative stress [ 8 ]. 

  Fig. 7.3    The mevalonate pathway and the synthesis of cholesterol and isoprenoids. Cholesterol is 
synthesized from acetyl-CoA in a cascade of reactions in which the rate-limiting step is catalyzed 
by HMG-CoA reductase, the pharmacological target of statins. Generation of farnesyl-PP branches 
in the generation of geranylgeranyl PP, and squalene catalyzed by squalene synthases, which is the 
fi rst committed step in the synthesis of cholesterol. Cholesterol then accumulates in mitochondria 
induced by StARD1 which impairs the transport of GSH into mitochondrial matrix resulting in its 
depletion       
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Therefore, it is conceivable that ischemia sensitizes to reperfusion in part due to 
decreased caveolin-1 expression resulting in increased mitochondrial cholesterol 
loading. Overall, from a translational perspective, statins may be of relevance to 
increase the pool of potential donors useful for liver transplantation. In this regard, 
recent data have demonstrated that liver grafts from healthy animals preserved in a 
commercially available cold storage solution supplemented with simvastatin exhibit 
reduced hepatocellular damage and improved microcirculatory status in compari-
son to grafts preserved in nonsupplemented cold storage solution [ 74 ].   

7.6     Strategies to Protect Against Oxidative Stress During I/R 

 As described above, production of ROS, including superoxide, hydrogen peroxide, 
and hydroxyl radical, is an important mediator of hepatic I/R injury. Therefore, 
targeting these reactive species by antioxidant defense mechanisms may be of clini-
cal relevance in ameliorating hepatic I/R injury. Manganese superoxide dismutase 
(MnSOD; also known as SOD2) is an essential primary antioxidant enzyme that 
converts superoxide radical to hydrogen peroxide within the mitochondrial matrix, 
generated by respiratory chain activity. MnSOD defi ciency leads to neonatal death 
in mice, illustrating the crucial role of superoxide scavenging in development. 
Several reports have demonstrated a protective role for MnSOD in I/R injury. Its 
partial defi ciency (MnSOD +/− ) exacerbates cerebral infarction after I/R, while over-
expression of Cu/ZnSOD or MnSOD afforded protection from I/R injury with 
delayed induction of NF-κB and abrogated response of activator protein-1 (AP-1) in 
rat heart and in mouse liver (Kim 2002, [ 96 ,  99 ]). Recent evidence has shown that 
MnSOD is upregulated in the liver after I/R and that this response is mediated by 
Kupffer cell damage and activation, leading to DAMP molecule release particularly 
HMGB1 [ 67 ]. These molecules are secreted by dying Kupffer cells and account for 
the activation of the mitochondrial antioxidants in the liver, which protect hepato-
cytes from cell death. Furthermore, recent studies tested the effects of a novel 
recombinant form of human MnSOD (rMnSOD) in hepatic I/R damage [ 29 ]. This 
rMnSOD form remains stable in solution, has a good biodistribution, and effi ciently 
scavenges intra- and extracellular superoxide, crosses plasma membrane, and is 
constitutively active in cytoplasm, nuclei   , and mitochondria ([ 7 ,  53 ,  54 ]; Guillaume 
2013). Using this formulation, it has been shown that rMnSOD markedly blunted 
oxidative stress, which was associated with a global improvement in liver damage 
and microcirculatory derangements in cold storage and warm reperfusion liver 
injury [ 29 ]. In line with these fi ndings using rMnSOD, it has also been shown that 
SOD mimetic MnTBAP protected hepatocytes against prolonged I/R [ 49 ]. This 
anionic porphyrin MnTBAP has been shown to exhibit scavenging activity towards 
superoxide anion and peroxynitrite [ 3 ]. While MnTBAP was ineffi cient in support-
ing the aerobic growth of SOD-defi cient  Escherichia coli , studies in MnSOD null 
mice demonstrated the therapeutic benefi t of MnTBAP administration, including 
prevention of systemic pathology such as dilated cardiomyopathy, hepatic lipid 
accumulation, and most importantly, a dramatically extended lifespan [ 59 ]. Thus, 
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these data with the MnSOD null mice indicate that this particular SOD mimetic can 
functionally overcome MnSOD defi ciency. Despite these fi ndings, the therapeutic 
use of SOD mimetics, such as MnTBAP, as a strategic defense against hepatic I/R 
injury needs to be carefully assessed, especially in steatotic hepatocytes. In condi-
tions of cholesterol accumulation and mitochondrial cholesterol traffi cking, which 
sensitizes to hepatic I/R injury [ 48 ], MnSOD impairment can concur with mGSH 
depletion. In this scenario, the treatment with SOD mimetics may exacerbate liver 
injury during I/R, as the scavenging of superoxide in the face of mGSH depletion 
would result in increased hydrogen peroxide, which in the presence of transition 
metals, gives rise to potent free radical hydroxyl radical via Fenton reaction, which 
triggers the onset of the MPT pore opening by targeting critical cysteine residues in 
cyclophilin D [ 65 ]. The addition of the iron chelator deferoxamine or cyclosporine 
A, which have been shown to protect mGSH depleted hepatocytes against superox-
ide anion scavenging [ 93 ], in conjunction with MnTBAP may be a more effi cient 
approach to protect against hepatic I/R than just MnTBAP alone. In addition, the 
selective replenishment of mGSH in addition to total GSH may be an interesting 
approach to protect hepatocytes from I/R-mediated injury. Moreover, 
 N -acetylcysteine (NAC) is a GSH precursor and hence it is expected to increase 
cytosol GSH. However, in conditions of mitochondrial cholesterol loading, which 
depletes mGSH due to impairment of the transport of cytosol GSH into mitochon-
drial matrix [ 71 ], NAC may not be effi cient in replenishing mGSH levels as shown 
in alcohol-fed models. In line with these pitfalls, it has been recently reported that 
NAC administration does not improve patient outcome after liver resection [ 72 ]. 
Interestingly, however, recent fi ndings have shown that NAC attenuates hepatic I/R 
injury and apoptosis via regulation of a ROS/JNK/Bcl2-axis [ 95 ]. In contrast to 
NAC, the administration of GSH ethyl ester is able to replenish mGSH despite 
impairment of the mitochondrial transport of GSH [ 71 ], and therefore may emerge 
as a potential approach in the protection against hepatic I/R-induced injury, espe-
cially in combination with superoxide scavenging. Under these circumstances, the 
elimination of superoxide along with mGSH repletion may offer the advantage of 
preventing the formation of peroxynitrite, which has a short half-life and is respon-
sible for many damaging modifi cations of tyrosine residues in mitochondrial target 
proteins. Quite intriguingly, the addition of MnTBAP in conditions of mGSH deple-
tion exacerbates hepatocellular injury against oxidative stress despite of signifi -
cantly preventing peroxynitrite generation [ 93 ]. In addition to these therapeutic 
combinations, IPC has been also of relevance in protecting rats fed a HC diet against 
hepatic oxygenation, microcirculation, and I/R-mediated injury [ 42 ]. Whether IPC 
has a benefi cial role in GSH homeostasis and in the replenishment of mGSH remains 
to be further investigated. 

 Finally, although the role of autophagy, in hepatic I/R injury has not been thor-
oughly examined, there has been evidence indicating impaired autophagy during 
anoxia/reoxygenation in hepatocytes [ 40 ] due to increased calpain activity, decreased 
induction of autophagic regulatory proteins (e.g., Atg7 and Beclin-1), and limited 
autophagosome formation with consequent onset of the MPT and hepatocyte 
death [ 40 ]. In line with these fi ndings, pharmacological induction of autophagy by 
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carbamazepine, an FDA-approved anticonvulsant and mood stabilizing drug, has 
been shown to alleviate lethal reperfusion injury both in in vitro and in vivo mod-
els of I/R by preventing calcium overload, calpain activation, Atg7 and Beclin-1 
depletion, defective autophagy, onset of MPT, mitochondrial dysfunction, ROS 
generation, and cell death [ 41 ].  

7.7     Concluding Remarks 

 Hepatic I/R injury is a serious clinical complication that may compromise liver 
function because of extensive hepatocellular loss affecting important clinical condi-
tions such as liver surgery, trauma, hemorrhagic shock, or liver transplantation. 
While ischemia causes anoxia, depletion of glycolytic substrates, loss of ATP and 
acidosis, hepatocyte injury occurs upon reperfusion when blood fl ow returns to 
hepatocytes. Hence, a better understanding of the molecular events contributing to 
hepatic I/R injury may be of signifi cant relevance to ensure successful graft function. 
Although ROS can be generated from different sources during hepatic I/R, mitocon-
drial ROS production is crucial and contributes to liver injury as indicated by the 
protective effects of mitochondrial-targeted antioxidants. Besides overgeneration, 
increased ROS levels can also refl ect the depletion of mitochondrial antioxidant 
defenses. In this regard, mGSH depletion underlies the susceptibility of steatotic 
livers to I/R injury due to the specifi c accumulation of cholesterol in mitochondria. 
Thus, targeting mitochondrial cholesterol accumulation or mGSH depletion may be 
of relevance in protecting graft function during hepatic I/R and may offer the advan-
tage of expanding the pool of grafts available for liver transplantation.   
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    Chapter 8   
 Oxidative Stress and Liver Fibrogenesis 

             Erica     Novo    ,     Fabio     Marra    , and     Maurizio     Parola    

8.1             Liver Fibrogenesis, Liver Fibrosis, and the Progression 
of Chronic Liver Diseases 

8.1.1     Basic Defi nitions and Concepts 

 Persistent parenchymal injury (i.e., hepatocyte injury) is the hallmark of any chronic 
liver disease (CLD) of clinical relevance which, at least in industrialized countries, 
can be induced by chronic infection by hepatotropic viruses (hepatitis B and C 
viruses), chronic alcohol consumption or exposure to toxins and drugs, persisting 
autoimmune injury or chronic conditions of altered metabolism. Persistent hepatic 
parenchymal injury invariably results in the activation of those mechanisms and 
events able to sustain liver fi brogenesis, including chronic activation of infl ammatory 
and wound healing response as well as persisting oxidative stress and derangement 
of interactions between epithelial and mesenchymal cells. Liver fi brogenesis is best 
defi ned as a dynamic and highly integrated molecular, tissue, and cellular process, 
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potentially reversible, that drives the progression of CLD fi rst towards liver fi brosis 
(i.e., the “result” of fi brogenesis) and then with time towards liver cirrhosis and 
hepatic failure [ 1 – 6 ]. In this CLD scenario (Fig.  8.1 ) liver cirrhosis can be defi ned 
not just as an advanced stage of CLD, but a condition characterized by alteration in 
the vascular microanatomy of the liver. Cirrhosis is characterized by the formation 
of regenerative nodules of parenchyma surrounded and separated by fi brotic septa, 
and associated with signifi cant changes in organ vascular architecture, development 
of portal hypertension and related complications, including variceal bleeding, 
hepatic encephalopathy, ascites, and hepatorenal syndrome as well as the develop-
ment of hepatocellular carcinoma (HCC) [ 7 ].  

 Fibrogenic progression of CLDs, although diffi cult to predict, has a very signifi -
cant clinical impact as indicated by the following epidemiological data [ 8 – 10 ]: (a) 
180 millions of patients worldwide are affected by a form of CLD, 25–30 % of 
which are expected to develop cirrhosis and related complications; (b) approximately 
one million deaths (2010 data) are due to liver cirrhosis worldwide; (c) cirrhosis is 
the most common non-neoplastic cause of death in Europe and USA among 
diseases of the GI tract (overall the seventh most common cause of death in western 
countries); (d) HCC, which almost invariably develops in a cirrhotic or (as emerging 
for NASH-related patients) fi brotic liver, is a very aggressive malignant cancer 
representing the fi fth most common cancer and the third most common cause of 
cancer mortality worldwide; (e) a peak for end-stage CLDs and HCC is predicted 
for the next decade in parallel with a shortage of donor organs for liver transplanta-
tion (at present the best treatment option). 

From chronic damage to 
significant fibrosis

Pre-cirrhosis Compensated cirrhosis Decompensated
cirrhosis

Advanced chronic liver disease

�. Chronic injury, inflammatory response & fibrogenesis      fibrosis

�. Hypoxia & angiogenesis      progression, vascular changes

�. Portal hypertension, carcinogenesis

�. Liver failure

�. Systemic diseaseEtiology

HCV, HBVethanol
metabolictoxic

auto-immunegenetic

Oxidative stress, ROS  & redox mechanisms

  Fig. 8.1    Oxidative stress, ROS, and redox mechanisms in the fi brogenic progression of chronic 
liver diseases. Whatever the aetiology, oxidative stress, ROS, and more generally redox mecha-
nisms are critical in major pathophysiological events that drive progression of chronic liver dis-
eases from early fi brosis to the most advanced stages of the disease: (1) the scenario of chronic 
injury and chronic activation of infl ammatory response and fi brogenesis, which accompanies a 
chronic liver disease; (2) the scenario of developing hypoxia and angiogenesis, which in turn is 
relevant for vascular changes       
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 Whatever the aetiology, CLD progression is dominated by an interrelated 
sequence of persisting chronic parenchymal injury (resulting in chronic necrosis 
and/or apoptosis), chronic infl ammatory response, and chronic activation of fi bro-
genesis, which is the driving force for excess deposition of ECM component (i.e., 
fi brosis). A number of related relevant concepts can be offered [ 1 – 7 ,  11 ,  12 ]: (1) 
persisting chronic parenchymal injury is not only aetiology-related, but also depends 
on chronic injury itself and chronic infl ammatory response through the involvement 
of several mediators that also include reactive oxygen species (ROS) and other oxi-
dative stress-related reactive intermediates; (2) persisting activation of infl amma-
tory response and the related recruitment/activation of cells of the innate or acquired 
immunity result in a pro-fi brogenic environment characterized by synthesis and 
release of growth factors, cytokines, chemokines, ROS, and other mediators able to 
signifi cantly impair liver regeneration but also to lead to chronic activation of wound 
healing and fi brogenesis; (3) such a pro-fi brogenic environment is critical in induc-
ing persistent activation of myofi broblast (MF)-like cells which are responsible for 
increased deposition of ECM components paralleled by altered/ineffi cient remodel-
ing; (4) hypoxia and angiogenesis are proposed to play a major role in sustaining 
and, possibly, driving fi brogenesis as well as vascular changes during CLD progres-
sion; (5) liver fi brosis, at least in its initial stage, is potentially reversible and this 
reversibility critically depends on the possibility to either remove the exposure to 
the aetiological agent/condition or the use of an effective therapy.  

8.1.2     Liver Cell Populations Involved in Fibrogenic 
Progression of CLDs 

 All liver cells provide some contribution to the fi brogenic progression of CLDs and 
liver fi brogenesis can be reasonably envisaged as a dynamic process resulting from 
the interactions (see Fig.  8.2 ) between hepatic cell populations. This cross talk is 
further modulated and/or affected by the presence of hypoxia, and involves the 
synthesis and release of several mediators, including growth factors, cytokines and 
chemokines, ROS, adipokines, vasoactive compounds, and plasma proteins, to 
name just a few [ 1 – 7 ]. Hepatocytes are the obvious major target liver cells in 
relation to aetiology-related parenchymal cell injury and death, either necrotic or 
apoptotic. However, as it will be emphasized later, they have a signifi cant role in the 
fi brogenic scenario as sources of ROS and other oxidative stress-related reactive 
intermediates as a consequence of injury (i.e., released by damaged hepatocytes) as 
well as relevant sources of pro-angiogenic cytokines (mainly vascular endothelial 
growth factor, VEGF) following either exposure to hypoxic conditions or to specifi c 
polypeptides. Resident Kupffer cells and macrophages recruited from the blood-
stream or of bone marrow origin represent another population of activated cells to 
be obviously considered in CLD progression. In fact, these cells are able to synthe-
size and release several pro-fi brogenic and pro-infl ammatory mediators, where 
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platelet-derived growth factor (PDGF), basic fi broblast growth factor (bFGF), 
transforming growth factor β1 (TGFβ1), tumor necrosis factor α (TNFα), interleu-
kin- 1 (IL-1), monocyte chemoattractant protein-1 (MCP-1 or CCL2, and ROS 
 represent the best characterized and most effi cient ones. The chronic scenario is 
affected also by mediators released by damaged and/or activated endothelial cells 
(PDGF, basic fi broblast growth factor or bFGF, interleukin 1 or IL-1, TGF-β, 
insulin- like growth factor-1 or IGF-1, prostaglandins, nitric oxide or NO, as well as 
endothelins or ETs and ROS), with platelets, sometimes neglected but certainly 
involved, also contributing to the genesis of the pro- fi brogenic environment. 
Whatever the aetiology, liver fi brogenesis is mainly sustained by a heterogeneous 
population of hepatic MFs that are easily recognized in fi brotic or cirrhotic human 
liver specimens by the immune-positivity for a-smooth- muscle actin (α-SMA), the 
most reliable in vivo marker for these cells [ 13 ]. Because of their relevance, hepatic 
MFs deserve a dedicated section.   
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  Fig. 8.2    The cross talk between hepatic cell populations in the CLD scenario. The interactions 
between the different hepatic cell populations under conditions of chronic liver injury are outlined 
in terms of release of cytokines, growth factors, and other polypeptides or mediators (including 
ROS and other oxidative stress-related intermediates), with an additional modulating role exerted 
by both hypoxia and the “pro-fi brogenic” environment, the latter believed to impair proliferation 
of parenchymal cells       
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8.1.3     Hepatic Myofi broblasts: Origin, Activation, Phenotypic 
Responses, and Fate 

 Hepatic MFs are the major effectors of liver fi brogenesis and their prevalent role is 
intimately related to their ability to act as a unique cellular crossroad able to inte-
grate and to respond to paracrine or autocrine signals released from the other hepatic 
cell populations (Fig.  8.2 ) [ 2 ,  6 ]. 

 Hepatic MFs are considered as a heterogeneous population since α-SMA- positive 
cells in fi brotic/cirrhotic livers have been reported to originate from different cellu-
lar sources. There is consistent evidence that hepatic MFs originate mainly from 
hepatic stellate cells (HSC/MFs) or, to a lesser extent and in particular pathological 
conditions, from portal fi broblasts (P/MFs) through a process of activation/trans-
differentiation [ 1 – 4 ,  6 ,  14 ,  15 ]. This process is believed to be sustained by the “pro-
fi brogenic environment”, and then by the related mediators already mentioned in a 
previous section, as well as by mechanical stimuli related to properties of extracel-
lular matrix components [ 16 ]. This second issue is of interest and implies the rele-
vance of mechanical tension and mechanochemical transduction processes as key 
elements in the induction of MF phenotype. Fibroblasts or other mesenchymal cells 
would exert forces on the ECM with an intensity proportional to its stiffness, 
producing α-SMA in response to mechanical stimulation and re-arranging cytoskel-
etal elements to match the cellular stiffness with that of the substrate. These mecha-
nochemical transduction processes are operated through mechanosensitive receptors, 
mainly α1β1 and α2β1 integrins [ 16 ]. Hepatic MFs, although to a lesser extent, have 
been also reported to originate from cells derived from bone marrow (mesenchymal 
stem cells or MSC, or fi brocytes) and recruited/activated in the chronically injured 
liver parenchyma [ 1 – 6 ]. At present, the possible origin of at least part of pro-fi bro-
genic cells from liver epithelial cells (i.e., hepatocytes and/or cholangiocytes) 
through a process of epithelial to mesenchymal transition (EMT) is still uncertain 
and represents the subject of an intense scientifi c debate [ 4 ,  6 ,  17 – 19 ]. 

 There is substantial agreement on the fact that the so-called “fully activated 
hepatic MF-like phenotype” is highly proliferative, migratory, and contractile. 
Along these lines, hepatic MFs are not only able to synthesize an excess of ECM 
components and to contribute to ECM remodelling, but also operate actively in 
order to sustain angiogenesis and/or infl ammatory response as well as to modulate 
the immune response (Fig.  8.3 ). Although most of current knowledge on liver MFs 
comes directly from studies performed on HSC/MFs, the available evidence sug-
gests that the most relevant phenotypic responses of MF-like cells are common to 
MFs originated from portal fi broblasts and, possibly, from bone marrow-derived 
cells engrafting chronically injured liver [ 1 – 6 ,  14 – 19 ]. As far as the phenotype of 
hepatic MFs is concerned, one of the most interesting concepts is that during CLD 
progression MFs enter into a “survival attitude” that is likely to be the consequence 
of growth factor- and ROS-mediated activation of Nuclear-Factor κB (NF-κB) [ 20 ] 
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and up-regulation of anti-apoptotic Bcl-2 [ 21 ] in hepatic MFs. This is relevant and 
directly connected with the issue of liver fi brosis reversal, mainly described in 
experimental studies and somewhat confi rmed in clinical studies (for example, in 
patients undergoing successful viral eradication). Indeed, cessation of liver injury 
can result in a signifi cant and progressive regression in the degree of liver fi brosis 
which is accompanied by evidence of apoptosis of hepatic MFs. The “rise and fall” 
of MFs is believed to be modulated by an altered balance between pro-apoptotic and 
anti-apoptotic signals (for example, NGF versus pro-NGF) deriving from either 
extracellular or intracellular environment, with liver fi brosis regression being the 
result of a switch in the TIMP/MMP balance also favoured by infi ltration of the 
hepatic scars by bone-marrow-derived macrophages (i.e., rich source of MMPs) 
[ 1 – 6 ,  11 ,  12 ,  20 – 22 ].   

8.1.4     Pattern of Fibrosis: Aetiology and Prevailing 
Pro- fi brogenic Mechanisms 

 As a preliminary step in introducing the role of oxidative stress, ROS, and redox 
signalling, one should recall that although cirrhosis may be considered as a common 
end-point of progressive fi brogenesis, the specifi c aetiology has a relevant impact 
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  Fig. 8.3    Phenotypic responses of activated MF-like cells. Fully activated and MF-like cells can 
display a number of established phenotypic responses, which are believed to be shared by almost 
all hepatic MFs, whatever their origin, and the specifi c aetiology of a chronic liver disease       
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on CLD progression. According to the original hypothesis proposed in 2004 [ 23 ] 
and then progressively refi ned [ 4 ,  6 ], a number of distinct patterns of fi brosis 
development can be recognized in relation to the specifi c aetiology which, in turn, 
can also signifi cantly infl uence the prevailing pro-fi brogenic mechanisms and the 
type(s) of pro-fi brogenic cells involved.

    1.    Post-necrotic or bridging fi brosis. A pattern which is typically identifi ed in 
patients affected by chronic HCV or HBV infections or by an autoimmune 
disease which results in the prevailing formation of portal–central septa, which 
follows portal–central bridging necrosis and is associated with interface hepa-
titis, as well as of septa connecting different portal areas. This pattern leads to 
an early involvement of centrilobular vein, formation of neo-vessels (i.e., 
angiogenesis), and then porto-central shunting. In this pattern the prevalent 
mechanism is represented by chronic activation of the wound healing response 
with a signifi cant contribution of oxidative stress, while MF-like cells mainly 
originating from HSC, portal fi broblasts and, to a minor extent, bone marrow-
derived cells.   

   2.    Pericellular/perisinusoidal fi brosis. This characteristic pattern, also defi ned as 
intercellular fi brosis or chickenwire fi brosis, is typically detected in the liver of 
patients suffering of metabolic derangements such as those induced by NASH or 
alcoholic steato-hepatitis (ASH), with a major pathogenic contribution of oxida-
tive stress. Excess deposition of ECM initiates in the space of Disse and is con-
sidered as the result of activation of perisinusoidal HSC which indeed 
predominates in the early phases of both conditions. With the time this pattern 
rapidly results in the so-called capillarization of sinusoids, which precedes for-
mation of fi brotic septa and leads to a pattern of fi brosis development that tends 
to be centro-portal.   

   3.    Biliary fi brosis. This is a rather unique pattern of fi brosis, observed typically in 
primary biliary cirrhosis (PBC), secondary (i.e., obstructive) biliary fi brosis, and 
primary sclerosing cholangitis (PSC), which is sustained by concomitant prolif-
eration of reactive bile ductules and periductular MFs. This occur at the interface 
between portal areas and parenchyma, leading to the characteristic development 
of portal–portal fi brotic septa, a scenario that leaves unchanged connections with 
the portal system for long time. Oxidative stress and derangement of the epithe-
lial–stromal equilibrium around bile ducts are believed to play a major role in 
sustaining fi brogenesis. Moreover, MFs are supposed to derive mainly from por-
tal fi broblasts and HSC.   

   4.    Centrilobular fi brosis. This pattern is secondary to conditions resulting in an 
alteration of venous outfl ow (i.e., Budd–Chiari syndrome or chronic heart fail-
ure) and is characterized by the development of central–central (vein) fi brotic 
septa and the so-called “reversed lobulation”.    

8 ROS, Myofi broblasts and Liver Fibrogenesis



178

8.2        Oxidative Stress, ROS, and Redox Signalling in Liver 
Fibrogenesis 

8.2.1     Oxidative Stress in CLD Progression: Involvement, 
Genesis, and General Signifi cance 

 Oxidative stress can be defi ned as a signifi cant derangement in redox homeostasis 
resulting in sustained increase of ROS levels (i.e., intracellular) and of other reactive 
intermediates or mediators which exceed antioxidant defences and signifi cantly 
affect signal transduction, gene expression, and functional responses of involved 
cells [ 2 ,  6 ,  24 ,  25 ]. Evidence of oxidative stress has been detected in almost all the 
clinical and experimental conditions of CLD with different aetiology and fi brosis 
progression rate, and oxidative stress (i.e., with ROS and redox signalling) has been 
proposed as a major pro-fi brogenic mechanism. Mechanistic involvement of oxida-
tive stress in the fi brogenic progression of CLDs is unequivocally supported by 
more than two decades of experimental and clinical studies, with major concepts 
that may be summarized synthetically as follows [ 1 – 6 ,  24 ,  25 ]: (a) direct detection 
of oxidative stress-related parameters and/or of reactive intermediates has been 
reported in liver specimens from either fi brotic or cirrhotic human patients or rodent 
models of chronic liver injury and fi brosis; (b) administration of powerful antioxi-
dant molecules or the use of selective therapeutic strategies designed to signifi cantly 
prevent, inhibit, or interfere with ROS generation has been reported to negatively 
affect fi brogenic progression (mostly experimental models); (c) fi brogenic progres-
sion of clinical and experimental conditions of CLD, whatever the aetiology, is 
associated with a signifi cant decrease and/or depletion of antioxidant defences. 

 According to the defi nition of oxidative stress and the related consequences 
previously mentioned, a critical point is then represented by the rise of intracellular 
levels of ROS. In CLD, ROS levels may theoretically increase in any kind of liver 
cell directly or indirectly involved, including hepatocytes, MFs, sinusoidal endothe-
lial cells (SECs), Kupffer cells, cholangiocytes, T lymphocytes as well as NK and 
NK-T cells. However, immuno-histochemical analysis for heme-oxygenase 1 (HO- 
1), a redox-sensitive target gene whose expression is up-regulated in cells undergo-
ing or exposed to oxidative stress [ 26 ], suggests that a signifi cant rise in intracellular 
ROS and/or signifi cant redox change is usually detectable mostly in hepatocytes as 
well as in activated HSC/MFs or, more generally, hepatic MFs in either human or 
rodent pathologic liver specimens [ 27 ,  28 ]. As summarized in Fig.  8.4 , a rise of 
intracellular ROS levels as well as of other oxidative stress-related reactive interme-
diates in liver target cells is believed to represent the consequence of a number of 
established events [ 2 ,  6 ,  25 ] that may be synthetized as follows: (a) entry of ROS 
from extracellular environment as a consequence of ROS release mainly by activated 
infl ammatory cells or by damaged and/or steatotic parenchymal cells; hydrogen 
peroxide can indeed easily cross biological membranes, a property also shared by 
nitric oxide; (b) activation of nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase in non-phagocytic cells which is known to parallel interaction 
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with specifi c receptors by several polypeptides which are available in the  extracellular 
environment and known to be involved in fi brogenesis, including growth factors, 
cytokines, chemokines, plasma proteins, adipokines, viral proteins, etc.; (c) intra-
cellular release of ROS by damaged mitochondria (whatever the nature of the 
damaging stimulus or condition) or by mitochondria of cells facing exposure to 
hypoxic conditions, which is very common during CLD progression; (d) increased 
ROS generation within the cell as a consequence of several events which are known 
to be common during, for example, ALD, NAFLD/NASH, or HBV/HCV infection, 
including up-regulation of the expression of specifi c cytochrome P450 (CYP) iso-
forms (like Cyp2E1 in ALD as well as NAFLD/NASH), induction of endoplasmic 
reticulum (ER) stress, or iron overload, just to cite some of the major events that can 
affect intracellular redox homeostasis.  

 Irrespective of the specifi c aetiology or condition, an intracellular elevation of 
ROS and possibly of other oxidative stress-related reactive intermediates like 
aldehydic end products of lipid peroxidation, uncommon lipids, nitric oxide, and 
other reactive nitrogen species is believed to result in [ 24 ,  25 ]: (a) a low or transient 
increase in intracellular ROS resulting in up-regulation of genes carrying antioxidant- 
response elements (ARE) in their promoter or enhancer sequences and involved in 
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  Fig. 8.4    Increase of intracellular ROS and related intermediates in chronic injury scenario. A 
signifi cant increase in intracellular ROS levels can be the consequence of: (1) release of ROS 
(mainly H 2 O 2 ) by damaged hepatocytes or activated infl ammatory cells that can enter target cells 
through biological membranes; (2) activation of NADPH-oxidase (NOX) isoforms which parallel 
ligand-receptor interaction as exerted by several growth factors, cytokines, chemokines, viral pro-
teins, adipokines, etc.; (3) release of ROS by mitochondria either damaged or following exposure 
to hypoxic conditions; (4) generation of ROS as a consequence of increased intracellular iron 
overload, endoplasmic reticulum (ER) stress, activation of several ROS-generating enzymes 
(several isoforms of cytochrome P450, oxidases, etc.)       
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the so-called antioxidant response (i.e., designed to up-regulate antioxidant defences 
and then counteract oxidative stress); (b) high or very high increase in ROS, pro- 
oxidants, and potentially damaging intermediates, resulting by means of different 
mechanisms either in irreversible cell damage and necrotic cell death or induction 
of apoptosis, mainly of hepatocytes; (c) intermediate and persistent increase in 
intracellular ROS that, by operating mostly through redox-mediated activation of 
NF-κB and AP-1 transcription factors, can result into adaptive responses which in 
turn can sustain infl ammatory response and fi brogenesis as well as angiogenesis and 
survival attitude in target cells (Fig.  8.5 ).  

 Most of these critical aspects, particularly those linking oxidative stress to hepa-
tocellular damage and infl ammatory response (i.e., major determinants of fi bro-
genic progression of CLDs), are already covered in detail by other chapters in this 
volume and then here we will focus the attention mainly on those issues and aspects 
which are related to redox-mediated modulation/activation of the phenotypic 
responses of hepatic MFs.  
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  Fig. 8.5    The response of target cells to a raise in intracellular ROS and related intermediates. In 
the scenario of CLDs, redox-related cellular responses are closely dependent on the overall levels 
of oxidative stress mediators and on their temporal duration. Low/transient levels of oxidative 
stress lead to nuclear translocation of redox-dependent transcription factor, activation of antioxi-
dant responsive elements (ARE) or sequences, and up-regulation of the “antioxidant response”. 
High levels of ROS can induce both necrotic or apoptotic cell death. Intermediate and/or persistent 
levels of ROS and oxidative stress can up-regulate target genes that sustain infl ammatory and adap-
tive responses, including fi brogenesis and angiogenesis       
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8.2.2     Hepatic MFs as Pro-fi brogenic Functional Target 
Cells Sensitive to Oxidative Stress-Related 
Mediators: The Pioneer Studies 

 As already mentioned elsewhere in this volume, ROS as well as other redox-related 
reactive intermediates can operate as critical secondary messengers in numerous 
signalling pathways, including transcriptional regulation, differentiation, prolifera-
tion, oncogenic transformation, and activation of programmed cell death [ 1 – 6 ,  24 , 
 25 ]. ROS contribution to fi brogenic progression of CLDs has been described in 
chronic liver injury following alcohol abuse, HCV or HBV infection, iron overload, 
and chronic cholestasis. The hypothesis of a causative involvement of oxidative 
stress in liver fi brogenesis was initially provided by several experimental studies 
providing evidence that supplementation with antioxidants like silymarin, vitamin 
E, silybin,  S -adenosylmethionine, and several others is able to prevent fi brogenic 
progression in animal models of CLDs by reducing the extent of oxidative stress 
and/or lipid peroxidation [ 2 ,  6 ,  24 ,  25 ]. In addition, different laboratories were able 
to describe a temporal sequence of events strongly indicating that oxidative stress 
and lipid peroxidation were preceding or concomitant with activation of HSC and/
or involvement of MFs and collagen deposition [ 29 – 31 ]. 

 The concept that MFs may represent a functional “target” cell for oxidative stress 
and related reactive mediators generated in hepatic chronic injury comes directly 
from pioneer studies in this area. Using either rat or human HSC/MFs in culture (at 
that time the widely accepted major source of ECM components), several groups 
showed that exposure to extracellularly available oxidative-stress-related mediators 
was rapidly resulting in up-regulation of pro-collagen type I. This was obtained by 
exposing HSC/MFs directly to ROS like hydrogen peroxide or superoxide anion 
(the latter as generated by systems like xanthine/xanthine oxidase), aldehydic end 
products of lipid peroxidation (mainly 4-hydroxynonenal or HNE, other 4-hydroxy- 
alkenals of different chain length and malonyldialdehyde or MDA) [ 32 – 36 ] as well 
as to the conditioned medium of normal hepatocytes undergoing oxidative stress 
[ 37 ] or by co-culturing HSC/MFs with hepatocytes transfected to overexpress 
CYP2E1 and then exposed to ethanol in order to up-regulate ROS generation [ 38 , 
 39 ]. Up-regulation of pro-collagen type I by either ROS, 4-hydroxynonenal, or acet-
aldehyde was reported to depend on activation of a c-Jun-NH 2 -kinase (JNK)/AP-1 
signaling [ 40 – 43 ], although other ROS-related mechanisms involving parallel sig-
nalling pathways have been proposed, including up-regulation of cyclooxygenase 2, 
activation of the redox-sensitive transcription factor Sp-1 or of Erk1/2 and 
p38MAPK through involvement of Janus kinases 1 and 2 (JAK1 and JAK2) 
[reviewed in [ 25 ]]. An additional paradigmatic example of response of HSC/MFs to 
ROS generated in the extracellular environment and then entering the intracellular 
milieu is represented by the acquisition of the redox-dependent, ERK1/2- and 
JKN1/2-mediated ability of these cells to migrate [ 27 ]. 

 The overall message emerging from these earlier studies was quite clear: relevant 
oxidative stress-related mediators (hydrogen peroxide, HNE, MDA, F2-isoprostanes, etc.) 
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released in a paracrine way by damaged hepatocytes, endothelial cells, or activated 
infl ammatory cells can easily cross the membrane of HSC/MFs and induce the up-
regulation of procollagen type I (i.e., a critical component of the fi brillar-like ECM 
in fi brotic and cirrhotic livers). 

 This early “extracellular” pro-fi brogenic view was rapidly integrated by other 
studies that started to suggest that generation of ROS within HSC/MFs (i.e., a 
change in intracellular redox homeostasis) was the critical event to up-regulate pro- 
collagen type I. As an example, Nieto and coworkers showed the occurrence of this 
phenomenon in rat HSC/MFs transfected to overexpress CYP2E1 and then chal-
lenged with ethanol or arachidonic acid (i.e., conditions leading to CYP2E1-related 
increased generation of ROS) [ 44 ,  45 ]. However, a turning point in the fi eld was a 
study showing that TGFβ1, the most potent pro-fi brogenic cytokine, was able to 
up-regulate collagen type I expression in HSC/MFs by eliciting H 2 O 2 -dependent 
signalling involving the binding of p35 C/EBPβ protein to a specifi c region of the 
promoter of the collagen α1(I) gene [ 46 ]. The relevance of this observation relies in 
two major points: (1) extracellular mediators, including ROS, HNE, and 
F2-isoprostanes, are all able to up-regulate TGFβ1 synthesis in either HSC/MFs or 
mononuclear cells [ 36 ,  43 ,  47 ], with TGFβ1 that in turn is operating through redox 
changes within the target cell, then outlining a redox-sensitive amplifying scenario 
in chronic activation of repair mechanisms; (2) the study prompted several labora-
tories to investigate the role of redox changes elicited by ligand/receptor interac-
tions in relation to HSC/MFs phenotypic responses.  

8.2.3     NADPH-Oxidase Isoforms and Pro-fi brogenic 
Responses: Of Liver Cells, NOX, and Aetiologies 

 As mentioned in the previous section, ROS were reported to either directly stimulate 
the production of the type I collagen or to act as intracellular signaling mediators of 
the fi brogenic action of TGFβ1. According to current literature and as detailed in 
other chapters, ROS can be generated in the liver by multiple sources, including the 
mitochondrial respiratory chain, CYP family members, peroxisomes, xanthine 
oxidase, and NADPH oxidases (NOXs) [ 6 ,  24 ,  25 ,  48 ]. A series of elegant studies, 
mostly coming from the laboratory of David Brenner, rapidly provided evidence 
indicating that intracellular generation of ROS mediated by NOXs had a critical role 
in modulating the phenotypic responses of HSC/MFs and then hepatic fi brogenesis. 
This area of research has been extremely productive in the last decade, as outlined 
recently in a nice and exhaustive review by Brenner and coworkers [ 49 ], also in the 
view of the fact that NOX isoforms have been envisaged as potential therapeutic 
targets for the development of selective anti-fi brotic therapeutic intervention. In this 
section we will focus the attention on major messages emerged in these years that 
are more directly related to MFs and their pro-fi brogenic behaviour. 
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 As it is well-known, NOX is a multimeric transmembrane enzymatic complex 
which generates superoxide anion and hydrogen peroxide from molecular oxygen 
using NADPH as an electron donor. The complex is formed by one of the seven 
described isoforms of NOX (NOX 1–5, DUOX1, and DUOX2), usually heterodi-
meric, and by a number of NOX regulatory proteins (p47 phox /NOXOA1, p40 phox , 
p67 phox /NOXA1) and a Rac isoform. On stimulation with agonists/ligands, the 
cytosolic subunits translocate to the membrane-bound NOX complex leading to 
enzymatic activity, with NOX2 (also known as fl avocytochrome b558, a heterodi-
mer of gp91 phox  and p22 phox ) representing the phagocytic form of NOX found in 
professional phagocytes, whereas the other isoforms are the non-phagocytic ones. 
Whether the liver is concerned, only three major NOX isoforms are expressed in the 
different liver cell populations [ 49 – 51 ]: (1) Kupffer cells as well as other immune-
related cells (neutrophils, B and T cells, dendritic cells) only express NOX2 iso-
form; (2) HSC, endothelial cells, and hepatocytes express NOX1, NOX2, and NOX4 
isoforms, with hepatocytes found also to express the non-heterodimeric isoforms 
DUOX1 and DUOX2. The phagocytic NOX2 is known to release high amount of 
superoxide anion in response to agonists (no constitutive activity), whereas non- 
phagocytic NOX1 and NOX4 usually generate low levels of ROS in basal condi-
tions that can be further increased in response to a wide range of polypeptide 
mediators (TNFα, IL-1β, PDGF, AngII, leptin, MCP-1), with NOX4 generating 
predominantly hydrogen peroxide instead of superoxide anion. 

 The emerging scenario in conditions of liver injury, acute or chronic, indicate 
that ROS derived from specifi c NOX isoforms in specifi c liver cell types may affect 
different signalling and function in target cells. For example, acute alcohol-induced 
liver injury is mainly mediated by NOX2 and the non-phagocytic isoforms NOX4 
and DUOXs, the latter not expressed in physiological conditions [ 49 ]. Along these 
lines, HCV-related proteins can induce ROS generation in different liver cells 
affecting either their survival or functional response. NS3 protein, for example, can 
phosphorylate p47 phox  and induce a prolonged release of ROS through NOX2 in 
mononuclear cells as well as in neutrophils, resulting in dysfunction and/or apopto-
sis of T lymphocytes, and negatively affecting HCV clearance [ 52 ,  53 ]. However, 
HCV core as well as NS3 and NS5 proteins can induce ROS generation in activated 
HSC (NOX isoforms responsible in HSC being still unidentifi ed), resulting in (1) an 
increased proliferation through Ras/ERK/PI3K/Akt signalling (HCV core), (2) pro- 
infl ammatory responses through NF-κB and c-Jun-NH2-kinase pathways (NS3/
NS5), or (3) increased TGFβ1 and procollagen type I expression (HCV core, NS3 
and NS5 proteins) [ 54 ]. As an additional relevant example, HCV (structural and 
non-structural constructs) have been reported to up-regulate TGFβ1 expression, 
which in turn up-regulates NOX4 (and then ROS generation) in either hepatocytes 
and HSC [ 55 ]. Up-regulation of NOX4 by TGFβ1 and the related increase in intra-
cellular ROS generation (mainly hydrogen peroxide by NOX4) has been suggested 
as a critical event able to mediate hepatocyte apoptosis during the course of CLDs 
(by any aetiology, including HCV infection, alcohol, toxic bile acids, and NASH), 
possibly by hydrogen peroxide-dependent down-regulation of Bcl-X L  and/or by 
increasing the sensitivity to pro-apoptotic signals like TNF and FasL [ 49 ,  56 – 58 ].  
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8.2.4     NADPH-Oxidase Isoforms, Intracellular ROS 
Generation, and Pro-fi brogenic Responses of HSC 
and MFs 

 As previously mentioned, intracellular levels of ROS are critical in affecting the 
functional response of target cells as well as in inducing irreversible damage and 
cell death, either necrotic or apoptotic. HSCs and, more generally, hepatic MFs 
respond to low/intermediate levels of ROS or of other intermediates like aldehydic 
end products of lipid peroxidation by up-regulating expression of procollagen type 
I and of TIMPs as well as (ROS only) by increasing either cell proliferation or 
migration [ 32 – 35 ,  44 ,  59 – 61 ]. Exposure to high levels of the same mediators is fol-
lowed by induction of cell death, either necrotic or apoptotic [ 60 ,  61 ], with HSC/
MFs being in particular extremely resistant to ROS. Indeed, human HSC/MFs can 
undergo caspase-independent cell death only when exposed to very high concentra-
tions of either ROS (hydrogen peroxide or superoxide anion) or HNE, which are 
hardly comparable with levels observed in vivo. This feature fi ts well with the con-
cept that these “activated” and MF-like cells enter in a Bcl-2- and NF-κB-dependent 
survival attitude [ 1 – 6 ,  62 ], with an overall message that HSC/MFs may easily sur-
vive the conditions of oxidative stress usually operating in CLDs and then are more 
likely to sustain redox-dependent pro-infl ammatory and pro-fi brogenic responses. 

 According to existing literature data, expression of various NOX isoforms is 
increased in patients with liver fi brosis [ 63 ,  64 ] as well as in the liver of animal 
models of CLD [ 65 ]. Moreover, NOX isoforms, through increased levels of intra-
cellular ROS, can mediate fi brogenic actions in response to major polypeptide 
ligands involved in CLDs, including at least PDGF [ 66 ], TGFβ1 [ 56 ], Ang II [ 51 ], 
and leptin [ 67 ] as well as in response to advanced glycation end products [ 68 ] or 
phagocytosis of apoptotic bodies [ 69 ]. As mentioned in a previous section, activated 
HSCs (HSC/MFs) express multiple NOX isoforms and their regulatory compo-
nents, with NOX1, NOX2, and NOX4 being signifi cantly up-regulated in rodent- 
activated cells versus quiescent cells [ 65 ,  70 ]. In human-activated HSCs the situation 
is very similar, with documented up-regulation of NOX1, NOX2, and the cytosolic 
regulatory factor p47 phox  either in human HSCs activated in culture or in activated 
HSCs isolated from the fi brotic liver of human patients [ 51 ]. The exact structure of 
the complex is still uncertain [ 49 ]. Experiments performed in animal models of liver 
fi brosis (bile duct ligation or BDL, MCD model of NAFLD/NASH, chronic CCl 4  
administration) either in genetically manipulated mice (p47 phox  or NOX2-defi cient 
mice) or in the presence of therapeutic approaches designed to clear Kupffer cells 
(then the contribution of NOX2) clearly indicate that NOX2 is relevant in sustaining 
activation of HSCs and relevant pro-fi brogenic responses like up-regulation of 
collagen type I expression [ 51 ,  65 ,  67 ,  69 ]. However, experimental evidence has 
been provided strongly suggesting that also non-phagocytic NOX isoforms can con-
tribute to liver fi brogenesis as is the case in particular for models run in NOX1-
defi cient mice [ 65 ,  71 ], with NOX1 found to be able to promote HSC proliferation 
via a mechanism involving ROS-mediated inactivation of phosphatase and tensin 
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 homologue (PTEN), leading then to phosphorylation of Akt and forkhead box O 4 
and the resulting down-regulation of the cell cycle suppressor p27 kip1 . Accordingly, 
specifi cally designed anti-fi brotic strategies in order to target other components of 
the NOX complex have been shown to be effective as well. The following examples 
are worth mentioning: (1) the increase in NOX-dependent superoxide production 
and Rac1 activity in SOD1 G37R-mutant mice results in a signifi cant increase in 
CCl 4 - induced liver fi brosis as compared with wild-type mice [ 70 ]; (2) prevention of 
liver fi brosis obtained by administration of the potent and specifi c NOX1/NOX4 
inhibitor GKT137831, with reported inhibition of collagen α1(I) promoter activity 
and of ROS generation induced by Ang II in WT and SOD1 G37R-mutant HSCs 
[ 70 ]; (3) attenuation of liver fi brosis (in addition to prevention of hepatocyte apop-
tosis) in NOX4-defi cient mice compared with WT mice [ 56 ]. 

 As mentioned, NOX isoforms are relevant because intracellular ROS generated 
by NOX can contribute to boost the intracellular signalling pathways elicited by a 
number or relevant polypeptide pro-fi brogenic ligands, including PDGF, TGFβ1, 
and Ang II [ 6 ,  49 ]. As a direct consequence, NOX isoforms and ROS are then 
involved in modulating phenotypic responses of activated HSCs (HSC/MFs) or, 
more generally, of hepatic MFs. In relation to PDGF, this growth factor is known to 
represent the most potent mitogen for HSCs [ 72 ] and exerts at least part of its 
mitogenic effect through NOX isoforms, as shown in vitro or in vivo (DMN model 
of liver fi brosis) by employing an antioxidant like Mn-TBAP or the pharmacologi-
cal inhibitors of the NOX complex diphenylene-iodonium (DPI) or apocynin [ 70 ]. 
However, the NOX isoform that contributes to PDGF-induced mitogenic signaling 
in HSCs is not yet identifi ed [ 49 ]. It should be noted that NOX-derived intracellular 
ROS have also a role in mediating the migration of human HSC/MFs stimulated by 
PDGF-BB as well as by other polypeptide chemoattractants effective for these cells 
like VEGF-A or MCP1 (CCL2) [ 27 ]. All these polypeptides are able to induce a 
NADPH-oxidase-dependent intracellular rise in ROS, resulting in activation of 
ERK1/2 and JNK1/2 and, in particular, activation of JNK1 isoform was found to be 
predominant for migration as shown by specifi c silencing. Moreover, both ROS 
generation and oriented as well non-oriented migration induced by polypeptide 
chemoattractants were almost abolished by pre-treatment with the NOX inhibitor 
apocynin [ 27 ]. The potential in vivo relevance of these data was suggested by the 
fact that activation of ERK1/2 and JNK1/2 was evident in extracts obtained from 
HSC/MFs isolated during the course of an oxidative stress-mediated model of liver 
injury and that phosphorylated JNK1/2 isoforms were detected in α-SMA-positive 
myofi broblasts lining fi brotic septa in human cirrhotic livers [ 27 ]. 

 Leptin is another relevant mediator relying on NOX to propagate its downstream 
signals in activated HSCs [ 1 – 6 ]. Leptin-induced intracellular signaling pathways 
have been evaluated in primary wild-type (WT), p47 phox  (−/−), or signal transducer 
and activator of transcription protein 3 (STAT3)-deleted HSCs [ 67 ]. In this study 
leptin-stimulated ROS production was found to be attenuated in human and mouse 
HSCs by the NOX inhibitor DPI and in HSCs lacking the NADPH component 
p47 phox . Of interest, leptin-induced phosphorylation of ERK and AKT, but not of 
STAT3, was blocked by NOX inhibition. Moreover, leptin-induced ROS production 
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was inhibited by the Janus kinase (JAK) pharmacological inhibitor AG490, but 
normal ROS production was observed in STAT3-deleted HSCs. Pharmacologic or 
genetic inhibition of NADPH in HSCs resulted in the reduction of leptin-mediated 
HSC proliferation as well as in the inhibition of leptin-mediated up-regulation of 
collagen type 1, α-SMA, and of infl ammatory-related peptides, including MCP-1, 
macrophage infl ammatory protein 1 (MIP-1), and macrophage infl ammatory pro-
tein 2 (MIP-2). The same study also showed that the leptin-enhanced chemokine 
expression induced by chemokine (C–C motif) ligand 4, detected in wild-type mice, 
was signifi cantly blunted in p47 phox  (−/−) mice [ 67 ]. 

 NOX isoforms and ROS have been shown also to mediate the pro-fi brogenic 
action of Ang II, a key effector of the renin-angiotensin system (RAS). The RAS, 
including the angiotensin-converting enzyme (ACE) and the angiotensin receptor 
type 1 (AT1R), has been shown to be markedly up-regulated in the fi brotic liver [ 73 , 
 74 ] and several experimental strategies designed to interfere with RAS have shown 
to result in a signifi cant decrease in hepatic infl ammation and fi brosis in animal 
models of CLD (reviewed in [ 49 ]). Of interest, most of the biological actions of Ang 
II have been reported to involve ROS generated by NOX isoforms [ 73 ,  75 ] and, as 
mentioned previously, liver injury and fi brosis were attenuated in p47 phox  (−/−) mice 
undergoing BDL as compared to wild-type mice [ 51 ]. Moreover, activated HSCs 
express high levels of AT1R and exposure of these pro-fi brogenic cells to Ang II 
resulted in increased proliferation, migration, and contraction [ 76 ] as well as in up- 
regulation of TGFβ1 and type I collagen expression [ 73 ,  77 ]. NOX has been reported 
to stimulate, through ROS generation, several signalling pathways including PKC, 
PI3K/Akt, and MAPKs [ 49 ,  51 ]. A further study has fi nally indicated that Ang II is 
able to up-regulate expression of both NOX1 and NOX4 in HSCs [ 70 ]. 

 A brief mention should be dedicated also to the role of NOX-generated ROS in 
mediating the pro-fi brogenic action of TGFβ1 [ 1 – 6 ]. A relevant role of NOX4 iso-
form in TGFβ1-mediated HSCs activation has been proposed by a study that used 
NOX4-defi cient HSC; the same study also reported that NOX4 siRNA inhibited 
ROS production in HSCs, and that the activation of HSCs in culture is inhibited in 
NOX4-defi cient mice [ 56 ]. Moreover, TGFβ1 was found to up-regulate NOX4 
expression in a SMAD3-dependent way. Of interest Ang II-dependent NOX4 up- 
regulation is suppressed in HSCs silenced for NOX1 but not NOX4 induction by 
TGFβ1, suggesting that NOX1 is required for NOX4 up-regulation in HSCs stimu-
lated with Ang II, but that TGFβ1 induces NOX4 independently of NOX1 in HSCs 
[ 70 ]. 

 Finally, the role of ROS and NOX isoforms has been investigated in relation to 
toll-like receptor (TLR)-related responses of activated HSCs in the typical pro- 
infl ammatory scenario of a CLD. A critical point in this area (see for more details 
[ 49 ]) is that both quiescent and activated HSCs express the mRNAs for multiple 
TLR isoforms [ 78 ], with activated HSCs responding mainly to TLR3 ligands by 
producing interferon β (IFNβ) [ 78 ] or to TLR4 ligands through NF-κB and JNK/
AP1 activation to produce pro-infl ammatory cytokines [ 79 ]. This point is critical 
since it has opened the way to studies that in the end showed a strict relationship, 
antibiotic-sensitive, between gut microfl ora and liver fi brosis, indicating an  essential 
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role of bacterial products in hepatic fi brogenesis, as emphasized by the fi nding that 
TLR4-mutant mice and MyD88-defi cient mice are resistant to fi brosis [ 80 ] and by 
several studies (reviewed in [ 49 ]) investigating related molecular mechanisms. In 
this scenario it has been suggested that NOX and ROS might play a role in lipopoly-
saccharide (LPS)-TLR4-mediated infl ammatory or fi brogenic signaling in HSCs. 
LPS, for example, has been found to induce NOX1 expression through TLR4 in 
macrophages, suggesting that the interaction between LPS/TLR4 signaling and 
NOX1 might modulate fi brogenic response in the liver by affecting macrophage 
response with similar data also reported for neutrophils [ 49 ]. However, although a 
relevant role of ROS in mediating LPS/TLR4 signalling has been proposed [ 80 ], we 
still need specifi cally designed studies to fully understand the role of NOX4-derived 
ROS in mediating the LPS–TLR4–NF-κB cascade in HSCs activation, suggested to 
possibly rely on a direct interaction between NOX4 and TLR4.  

8.2.5     Hypoxia, Mitochondrial ROS, and Pro-angiogenic 
and Pro-fi brogenic Responses of Activated HSCs 
and MFs 

 Literature data in the last decade have provided compelling evidence that angiogen-
esis, a dynamic, hypoxia-stimulated, and growth factor-dependent process, is inti-
mately linked to liver fi brogenesis and CLDs progression, with several authors 
suggesting that angiogenesis may represent a critical process that favours fi brogen-
esis [ 81 ,  82 ]. The presence of hypoxic areas within liver parenchyma (i.e., a very 
common fi nding) in CLD is the most obvious stimulus able to up-regulate transcrip-
tion of pro-angiogenic genes through the action of hypoxia-inducible factors or 
HIFs, although this may happen also through hypoxia-independent mechanisms 
[ 81 – 84 ]. The progressive increase of tissue hypoxia detected in the scenario of 
CLDs is directly related to the histopathological changes of liver tissue, particularly 
the increased deposition of ECM components and formation of fi brotic septa, paral-
leled by vascular changes. With the time this results in an impairment of the oxygen 
diffusion and consequent up-regulation of pro-angiogenic pathways [ 81 ,  82 ]. 
Literature evidence supporting the link between angiogenesis and fi brogenesis has 
been recently reviewed by several laboratories [ 6 ,  81 ,  82 ] and major points are: (1) 
the parallel development of fi brogenesis and angiogenesis in experimental and clini-
cal conditions of CLD in areas which are positive for hypoxia and VEGF, with 
VEGF expression mainly limited to hepatocytes and MFs [ 85 ]; (2) the relevance of 
HIFs for the development of liver fi brosis, as shown in mechanistic studies employ-
ing liver conditional knock out mice for HIF1α [ 86 ]; (3) the effi ciency of experi-
mental anti-angiogenic therapy in inhibiting not only fi brogenic progression but 
also in reducing infl ammatory infi ltrate, the number of MFs as well as the increase 
in portal pressure [ 6 ,  81 ,  82 ]; (4) the critical role of MFs as cellular crossroads 
modulating fi brogenesis, infl ammatory response, and angiogenesis in CLDs. 
Pertinent to this review is the evidence that some hypoxia-dependent or independent 
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features linked to the role of MF in the fi brogenic progression are potentially 
mediated through the generation of ROS. Indeed, hepatic MFs, in particular HSC/
MFs, have been shown not only to respond to the exposure to hypoxic conditions in 
a HIF1α-dependent way by up-regulating expression of VEGF, Angiopoietin 1, and 
related receptor VEGFR-2 and Tie2 [ 52 ,  83 ] (i.e., then behaving as pro-angiogenic 
cells), but also to be a target for VEGF and Angiopoietin 1. VEGF and Angiopoietin 
1 indeed can stimulate proliferation and increased deposition of extracellular matrix 
components [ 81 ,  82 ]), as well as increased migration and chemotaxis [ 28 ,  85 ], the 
latter response being also signifi cantly elicited in cells just exposed to hypoxia [ 85 ]. 
In particular, oriented migration of MFs in response to either hypoxia or VEGF 
(as other chemotactic peptides) has been proposed as a biphasic mechanism that is 
fi rst switched on by ROS released by either mitochondria under hypoxia or through 
ligand–receptor-related activation of NADPH-oxidase and proceeds through redox- 
dependent activation of Ras/ERK and c-Jun-NH2-terminal kinase isoforms (JNKs). 
This early phase is then followed by a delayed and sustained phase of migration 
depending on HIF-1α-mediated, ROS-stabilized, up-regulation of VEGF expres-
sion, resulting in the subsequent chemotactic action of extracellularly released 
VEGF [ 87 ,  88 ]. 

 The concept of hypoxia-related and ROS-modulated migration of HSC/MFs 
and/or hepatic MFs, as a critical step for either angiogenesis and fi brogenesis, is of 
further extreme interest if one considers additional evidence reported in the last 
decade. First, immunohistochemistry analysis performed on either human or rodent 
fi brotic/cirrhotic liver has shown that MF-like cells in developing septa and at the 
border of more mature and larger fi brotic septa stain positively for both HIF-2α and 
heme-oxygenase 1 (HO-1, a redox-related marker). These data, which suggest that 
hypoxia-related and ROS-modulated events are likely to occur also in vivo [ 88 ], 
overlap with morphological analysis performed on human and rat fi brotic/cirrhotic 
livers [ 85 ] where α-SMA-positive hepatic MFs expressing VEGF, Ang-1, or the 
related receptors VEGFR-2 and Tie-2 were detected at the leading edge of small and 
incomplete developing septa, but not in larger bridging septa. It has been suggested 
that such a distribution may refl ect the existence of two distinct phases of the angio-
genic process during CLDs [ 83 ]: (a) an early phase, occurring in developing septa, 
in which fi brogenesis and angiogenesis (with intracellular ROS playing here a rel-
evant role) may be driven/modulated by HSC/MFs; (b) a later phase, occurring in 
larger and more mature fi brotic septa, in which pro-angiogenic factors and receptors 
are expressed only by endothelial cells, a scenario that may favour the stabilization 
of the newly formed vessels. 

 An additional, and often neglected concept is that MFs can operate their pro- 
angiogenic role also in a hypoxia-independent manner by responding to a number 
of polypeptide mediators, including mainly PDGF and leptin, by signalling 
pathways that are still related to intracellular ROS generation and the involvement 
of HIFs. A critical point here is that a raise in intracellular ROS, whatever the origin 
(i.e., even in the absence of hypoxia), can result in recruitment/stabilization of HIFs, 
particularly HIF-1α, and up-regulation of the transcription of HIFs-related genes. 
This has been reported to be due to the ability of ROS to inhibit prolyl- hydroxylases, 
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thus preventing hydroxylation of HIF-α subunits and their subsequent binding to 
von Hippel–Lindau protein, ubiquitylation, and proteasome degradation (i.e., the 
mechanism commonly operating under conditions of normoxia and preventing 
HIFs to act as transcription factors on their target genes) [ 81 – 84 ]. As far as PDGF 
and leptin are concerned, it is interesting to note that both mediators can promote an 
angiogenic response in HSCs and HSC/MFs. In an elegant study PDGF has been 
shown to promote an angiogenic phenotype of HSC that regulates HSC-driven vas-
cular tube formation in vitro and enhanced coverage of sinusoids in vivo, supporting 
the concept that PDGF can sustain the critical role of HSC/MFs in the modulation 
of microvascular structure and function in liver parenchyma [ 89 ]. Concerning 
leptin, this adipokine can directly up-regulate in human HSC/MFs the expression of 
VEGF and Ang-1 as well as of monocyte-chemoattractant protein 1 (MCP-1 or 
CCL2) [ 90 ]. Interestingly, leptin was found to operate the pro-angiogenic actions by 
recruitment/stabilization of HIF-1a and nuclear translocation of HIF-1 in vitro and 
in vivo the specifi c leptin receptor ObR co-localized with VEGF and α-SMA after 
induction of fi brosis in rats [ 90 ]. A more recent study performed on human HSC/
MFs has revealed that both leptin and PDGF-BB can directly up-regulate VEGF 
and then the pro-angiogenic role of these MF-like cells by a common mechanism 
involving both activation of the mammalian target of rapamycin (mTOR) pathway 
as well as generation of ROS via NADPH-oxidase, the latter being relevant for 
HIF-1α stabilization but not for mTOR activation [ 91 ].  

8.2.6     Therapeutic Strategies to Counteract Oxidative 
Stress in Liver Fibrogenesis? 

 According to past and present literature data emphasizing the pathogenic role of 
ROS and redox signalling in liver fi brogenesis, one should expect a signifi cant 
effi ciency of therapeutic strategies designed to counteract ROS generation, oxida-
tive stress, and redox signalling in inhibiting or at least limiting CLD progression. 
As already pointed out by several authors [ 1 – 6 ,  23 – 25 ,  49 ,  92 – 94 ], experimental 
literature on this topic is indeed impressive and at the same time quite straightfor-
ward in offering a number of well-defi ned take-home messages. 

 The fi rst message is indeed apparently positive and unequivocal since therapeutic 
strategies that employed antioxidants were able to signifi cantly prevent liver fi brosis 
in animal models as well as to inhibit or limit the progression of the disease toward 
cirrhosis. These positive results were associated with an inhibition of recruitment of 
infl ammatory cells, a decrease in the number of hepatic MFs and, more generally, 
with a reduction of the levels of pro-infl ammatory and pro-fi brogenic cytokines, as 
confi rmed in different animal models of CLDs and by using either naturally occur-
ring or synthetic antioxidants differing for their structure and/or mechanism of 
action. Accordingly, there is a long list of effective antioxidants employed in 
 experimental animal models of liver fi brosis [ 1 – 6 ,  23 – 25 ,  49 ,  92 – 94 ] and includes 
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well- known molecules such as like α-tocopherol (vitamin E), carotenoids, the 
selenium antioxidant ebselen, hydroxyl radical scavengers (such as dimethyl-
sulphoxide of dimethyl-thiourea),  N -acetyl-cysteine, several fl avonoids and poly-
phenols (such as silymarin, quercetin, curcumin, and epigallocatechin), the Japanese 
herbal medicine sho-saiko-to, the GSH-replenishing compound  S -adenosyl 
methionine, the CYP2E1 inhibitor diallyl sulphide, and the supernutrient 
polyenyl-phosphatidylcholine. 

 Unfortunately, as recently reviewed [ 49 ], data from clinical trials employing 
antioxidants in human conditions of CLDs are generally quite disappointing. The 
use of agents with general antioxidant action such as vitamin E, vitamin C, polyenyl 
phosphatidyl choline, or urso-deoxycholic acid (UDCA) did not result in signifi cant 
antifi brotic effi cacy in patients carrying different CLDs, including alcoholic hepati-
tis [ 95 ], NASH [ 96 ,  97 ], and chronic hepatitis C [ 98 ]. Two only apparent exceptions 
to this rule have been reported for some trials with NAFLD/NASH patients treated 
with vitamin E [ 93 ,  94 ]. In addition, these negative results had also to face a serious 
report indicating that the use of high dosage of the very popular antioxidant vitamin 
E was even associated with an increase of all-cause mortality [ 99 ]. 

 A number of strategies have been suggested to potentially overcome these prob-
lems. A fi rst notion was related to the fact that antioxidants failed to provide benefi t 
because these were employed in patients in whom the CLD was already advanced. 
Theoretically, early diagnosis of the CLD should reasonably allow administration of 
safe antioxidants as soon as possible during the natural history of the disease, likely 
being able to slow down fi brogenic progression [ 23 – 25 ,  92 – 94 ]. Alternatively, it has 
been suggested that a more promising strategy may rely in the identifi cation of can-
didate antioxidants with suffi ciently rapid rate constants as to be pharmacologically 
active (i.e., effective even at low doses). Although it may be theoretically possible 
to improve the design of trials or identify more powerful antioxidant molecules, it 
seems clear that a successful strategy can only rely on more specifi c and selective 
approaches. 

 As recently reviewed by Brenner and coworkers [ 49 ], more recent literature evi-
dence suggesting the critical role of NOX in hepatic fi brogenesis of course provides 
a strong rationale for the use also in clinical conditions of CLDs of pharmacological 
inhibitors of NOX. Promising data have been reported by drugs able to block angio-
tensin type 1 receptor (AT1-R) in retrospective or pilot studies in human patients 
with chronic hepatitis C [ 100 – 103 ] and NASH [ 104 ]. A relevant retrospective study 
in which losartan was employed showed that in approx. 50 % of patients with 
chronic hepatitis C the degree of fi brosis was signifi cantly decreased. This was 
associated to a signifi cant decrease in the expression of several fi brogenic genes, 
including procollagen a1(I) and a1(IV), urokinase type plasminogen activator, 
metalloproteinase type 2, and NOX genes, including NOXO1, NOXA1, and Rac1 
[ 100 ]. Similar results were obtained with another AT1-R antagonist like candesar-
tan [ 105 ], but, to be honest, confl icting and/or more negative results have been 
reported for this approach with effi cacy that may be also variable in relation to the 
specific aetiology and/or CLD (reviewed in [ 49 ]). Novel pharmacological 
NOX inhibitors have been developed, including in particular the effi cient drug 
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GKT137831, a small molecule able to inhibit both NOX1 and NOX4 and found to 
attenuate CCl4- or BDL-induced ROS production and hepatic fi brosis in mice [ 56 , 
 70 ]. This drug has been found to be well-tolerated in a phase I clinical study, but a 
specifi cally designed clinical trial to investigate antifi brotic effi cacy in the treatment 
of CLDs is still lacking.      
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    Chapter 9   
 Oxidative Stress in Acute Liver Failure 

             Mitchell     R.     McGill       and     Hartmut     Jaeschke     

9.1            Introduction 

 Acute liver failure (ALF) is not itself a disease, but a condition that develops rapidly 
in response to some forms of liver injury. Clinically, ALF is defi ned as reduced 
blood clotting and altered mental function, the latter beginning within just days or 
weeks of initial symptoms (e.g., jaundice, coagulopathy, etc.), in the absence of 
previously established liver disease [ 44 ,  45 ]. ALF is sometimes further divided into 
three categories: hyper-acute (caused almost exclusively by acetaminophen [APAP] 
overdose), acute, and subacute liver failure are characterized by the development of 
encephalopathy within 1, 4, or 12 weeks of illness onset, respectively. Generally, 
patient outcomes are worse in acute and subacute liver failure cases, while hyper- 
acute ALF patients have the best long-term outlook. Although ALF is relatively rare 
(approximately 2,000 cases in the US each year), mortality is very high [ 44 ,  45 ]. 

 Importantly, the systemic effects of ALF are the result of hepatocyte injury lead-
ing to reduced hepatocyte function. Coagulopathy is caused by impaired synthesis 
of blood coagulation factors in the damaged liver. Encephalopathy can occur 
through multiple mechanisms, including decreased blood fl ow to the brain and 
possibly an increase in endogenous signaling molecules that are normally removed 
from circulation by the liver [ 34 ]. The reduced cranial blood fl ow is a result of 
cerebral edema and increased intracranial pressure, which are unique features of 
ALF. There is considerable evidence that the brain swelling is due to accumulation 
of ammonia within astrocytes [ 72 ]. Ammonia is produced in the GI tract and 
skeletal muscles as a result of amino acid catabolism. Normally, the liver converts 

        M.  R.   McGill ,  Ph.D.      (*) •    H.   Jaeschke ,  Ph.D.      
  Department of Pharmacology, Toxicology & Therapeutics ,  University of Kansas Medical 
Center ,   3901 Rainbow Blvd, MS 1018 ,  Kansas City ,  KS   66160 ,  USA   
 e-mail: mmcgill@kumc.edu; hjaeschke@kumc.edu  

mailto:hjaeschke@kumc.edu
mailto:mmcgill@kumc.edu


200

ammonia to urea through the urea cycle, and muscle tissue and astrocytes in the 
brain play a lesser role in detoxifi cation of ammonia. However, when hepatocytes 
are damaged, the urea cycle in the liver is compromised and astrocytes take up 
more, which results in brain swelling due to increased intracellular solute concen-
tration. Infection and sepsis can also occur as complications of ALF [ 43 ], probably 
due to reduced complement protein synthesis and reduced phagocytic activity in the 
liver, and the resulting infl ammation may also contribute to brain swelling [ 72 ]. 
Glial cells in the brain also have immunomodulatory functions and can be activated 
by lipopolysaccharide and cytokines that result from infection and liver damage, 
resulting in localized neuroinfl ammation that can exacerbate the swelling [ 72 ]. In 
any case, brain hernia and infection due to loss of liver function are major causes of 
death in ALF patients. 

 The causes of ALF are numerous, but the most common are acetaminophen 
(APAP) hepatotoxicity, non-APAP drug-induced liver injury (DILI), viral hepatitis, 
various genetic liver diseases, and autoimmune hepatitis. Oxidative stress is thought 
to occur in several of these conditions. The focus of this chapter is on the role of 
oxidative stress in the causes and progression of ALF. Because APAP overdose is 
frequent and because it is well-studied experimentally, emphasis will be placed on 
APAP-induced liver injury, though other etiologies will also be discussed.  

9.2     Oxidative Stress in the Causes of ALF 

9.2.1     Drug-Induced Liver Injury 

9.2.1.1     Acetaminophen Hepatotoxicity 

 Acetaminophen is a very popular drug [ 36 ]. However, APAP overdose is currently 
the most common cause of ALF and ALF-related deaths in several countries [ 6 ,  24 , 
 44 ]. Oxidative stress is believed to play a major role in the mechanisms of liver 
injury caused by APAP (Fig.  9.1 ). Like many drugs, the major site of APAP metabo-
lism is the liver. At recommended doses, most is glucuronidated or sulfated. The 
resulting glucuronide and sulfate conjugates of APAP are harmless and are quickly 
eliminated in urine. The small remaining fraction of a dose is converted to an elec-
trophilic intermediate, commonly believed to be N-acetyl-p-benzoquinone imine 
(NAPQI) [ 17 ], by cytochrome P450 enzymes. Although this reactive metabolite of 
APAP binds to sulfhydryl groups on proteins even after therapeutic doses [ 27 ,  59 ], 
most of it reacts with endogenous glutathione (GSH) in the liver and is then trans-
ported out of the cell for further processing and excretion by other organs [ 55 ]. 
However, after an overdose, the parent drug depletes GSH stores in the liver and 
reactive metabolite formation and protein binding become overwhelming [ 59 ,  61 ]. 
This leads to massive oxidative stress and organelle dysfunction. Eventually, the 
damaged hepatocytes undergo oncotic necrosis.  
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 The source of oxidative stress during APAP hepatotoxicity is controversial. 
Several possibilities have been suggested. Because it is known that electrons and 
reactive oxygen species (ROS) can escape from the active site of P450s during drug 
metabolism, it was once thought that P450-mediated APAP metabolism was the 
major cause of oxidative stress and that lipid peroxidation was a major pathological 
consequence [ 32 ,  97 ]. However, this was based in large part on experiments done 
under special conditions with mice that were primed for lipid peroxidation through 
a diet that was defi cient in vitamin E and in which saturated fats were replaced with 
polyunsaturated fats from soybean oil [ 32 ]. In mice fed a normal control diet, treat-
ment with a toxic dose of APAP does not signifi cantly increase liver levels of malo-
ndialdehyde, an indicator of lipid peroxidation [ 38 ]. Additionally, treatment with 
exogenous vitamin E does not protect against APAP [ 38 ]. Although lipid peroxida-
tion occurs in cell culture models of APAP hepatotoxicity and vitamin E does pro-
tect in vitro, there are strong data which suggest that this is due to the high oxygen 
concentration at which most cell culture experiments are performed [ 100 ]. More 
direct evidence for the lack of P450 involvement in the oxidative stress caused by 
APAP is the fact that oxidized GSH (GSSG) content in the liver does not change in 

  Fig. 9.1    Oxidative stress in acetaminophen hepatotoxicity. After an overdose of acetaminophen, 
excess reactive metabolite binds to mitochondrial proteins and causes increased reactive oxygen 
species (ROS) production and oxidative stress. This initial oxidative stress activates kinase signal-
ing pathways that converge on the c-Jun N-terminal kinases (JNK) 1/2. Activated JNK then trans-
locates into mitochondria, where it increases the oxidative stress. The oxidative stress drives the 
mitochondrial membrane permeability transition (MPT), resulting in loss of mitochondrial mem-
brane potential. Eventually, the MPT and mitochondrial membrane swelling and rupture result in 
release of mitochondrial proteins, including endonucleases that can cleave nuclear DNA       
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the fi rst 2 h after APAP treatment, when P450-mediated metabolism is occurring in 
mice [ 84 ,  85 ]. This was also shown in vitro. Dichlorofl uorescein fl uorescence, an 
 indicator of oxidative stress, did not increase until 3.5 h after APAP treatment in 
primary mouse hepatocytes [ 2 ]. By this time, depletion of GSH by the reactive 
metabolite of APAP was complete, but injury had not yet begun [ 2 ]. The data sug-
gest that while oxidative stress is not the result of P450-mediated metabolism, it 
does occur in APAP hepatotoxicity. 

 Another possible source of oxidative stress during APAP hepatotoxicity that was 
once proposed is the enzyme xanthine oxidoreductase (XOR) [ 92 ]. XOR has two 
forms: xanthine oxidase (XO) and xanthine dehydrogenase. XO can produce ROS, 
and there is a shift toward the XO form in mice after treatment with APAP [ 31 ]. 
Importantly, pretreatment with the XOR inhibitor allopurinol protects against APAP 
hepatotoxicity [ 31 ]. However, it was found that the dose of allopurinol required for 
this is much higher than the minimum dose needed to inhibit the enzyme, making it 
unlikely that XOR inhibition was the mechanism by which this compound was pro-
tected [ 31 ]. It was then assumed that allopurinol served instead as an antioxidant in 
APAP hepatotoxicity. However, recent work has shown that the protection provided 
by this drug is dependent upon aldehyde oxidase (AO)-mediated conversion of allo-
purinol to oxypurinol [ 98 ]. AO activity is known to produce ROS. Thus, it is now 
thought that metabolism of allopurinol by AO results in early oxidative stress and 
this has a preconditioning effect that results in increased expression of antioxidant 
genes which can scavenge both ROS and the reactive metabolite of APAP [ 98 ]. 

 Mitochondria are a more likely source of oxidative stress in APAP-induced liver 
injury. In early experiments, it was shown that, although total liver GSSG is 
increased, biliary GSSG does not change during APAP hepatotoxicity [ 31 ,  84 ]. 
Because hepatocytes transport GSSG from the cytosol into bile, these data sug-
gested that the oxidative stress is contained within an organelle. Consistent with 
this, GSSG was found to increase approximately tenfold in mitochondria after treat-
ment with a large dose of APAP [ 31 ,  37 ]. More recent work has revealed that per-
oxynitrite (ONOO − ) forms specifi cally within mitochondria from the reaction of 
superoxide (O 2  − ) with nitric oxide (NO), and ONOO −  damages both mitochondrial 
DNA and proteins during APAP-induced liver injury in mice [ 15 ]. Importantly, pre-
venting the oxidative stress by replenishing antioxidant levels in the liver protects 
against APAP [ 2 ,  15 ]. Although the exact cause of the mitochondrial oxidative 
stress is not yet clear, it may involve protein binding. Binding to mitochondrial pro-
teins seems to be particularly important in APAP-induced liver injury. This is based 
on the knowledge that the reactive metabolite of a non-hepatotoxic isomer of APAP, 
3′-hydroxyacetanilide (AMAP), shows lower affi nity for mitochondrial proteins 
[ 69 ,  91 ]. More recently, it was shown that doses of APAP which cause similar levels 
of total protein binding in mice and rats result in less mitochondrial protein binding 
in the latter species, which is much less susceptible to APAP hepatotoxicity [ 57 ]. 

 Whatever the cause, it is now clear that there is an initial oxidative stress after 
APAP overdose which activates mitogen-activated protein kinase (MAPK) signal-
ing pathways that converge on the c-jun N-terminal kinases (JNK) 1/2 [ 26 ,  76 ]. 
Several MAPKs upstream of JNK have been identifi ed. Normally, the MAP3K 
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apoptosis signal-regulating kinase 1 (ASK1) is held inactive by thioredoxin, but 
oxidative stress can cause the two proteins to dissociate [ 77 ]. This has been shown 
to occur in APAP hepatotoxicity in mice, and ASK1-defi cient mice have reduced 
JNK activation and reduced liver injury at later time points [ 64 ]. Glycogen synthase 
kinase 3β (GSK3β), another redox-responsive kinase, has also been shown to 
activate JNK in APAP hepatotoxicity and it was suggested that this protein acts at 
earlier time points after APAP overdose [ 82 ]. Mixed lineage kinase 3 (MLK3) can 
also be activated by oxidative stress, and MLK3 knockout mice are protected against 
APAP and have reduced activation of both JNK and GSK3β [ 81 ]. Once JNK has 
been activated, it translocates into mitochondria where it is thought to augment the 
mitochondrial oxidative stress in a feed-forward loop [ 33 ,  76 ]. The receptor- 
interacting protein kinase 3 (RIP3) also appears to control JNK activation and can 
likely regulate the mitochondrial oxidative stress through JNK [ 71 ]. Eventually, the 
mitochondrial membrane permeability transition pore (MPTP) forms and mito-
chondrial membrane potential is lost [ 39 ,  73 ]. Cyclophilin D (CypD), which regu-
lates the MPTP, controls APAP toxicity. CypD knockout mice are less susceptible 
to APAP-induced liver injury [ 70 ]. Interestingly, however, the classical MPTP may 
not be necessary in all cases. Oxidative stress, particularly ONOO − , appears to 
somehow drive the mitochondrial permeability transition at very high doses of 
APAP [ 50 ]. Combined with Bax translocation into the outer membrane, the MPT, 
mitochondrial swelling, and eventually outer mitochondrial membrane rupture 
result in the release of mitochondrial contents into the cytosol. The mitochondrial 
endonucleases apoptosis-inducing factor (AIF) and endonuclease G then enter the 
nucleus and cleave nuclear DNA [ 3 ,  4 ]. Interestingly, it appears that AIF may also 
play a role in the early mitochondrial oxidative stress [ 5 ]. The result of all this is 
oncotic cell necrosis. Importantly, while most of our knowledge of the molecular 
events underlying APAP-induced liver injury has come from rodent studies, there is 
accumulating evidence that the mechanisms are similar in humans. In particular, 
GSH turnover and depletion [ 19 ,  42 ,  56 ] protein binding [ 18 ,  56 ] and mitochondrial 
damage [ 56 ,  58 ] have been documented in humans and in vitro human models. 
However, future studies are needed to explore the role of oxidative stress in humans.  

9.2.1.2     Non-Acetaminophen Drug-Induced Liver Injury 

 Most non-acetaminophen cases of DILI are idiosyncratic. Idiosyncratic DILI 
(iDILI) is defi ned as hepatotoxicity which develops in less than 1 in 10,000 users of 
a given drug. Idiosyncratic toxicity is generally not dose-dependent, although there 
is evidence that drugs with daily doses greater than 50–100 mg are more likely to 
cause liver injury than others [ 21 ]. It is also characterized by delayed onset. 
Extremely low incidence, variable histopathology, and experimental irreproducibil-
ity of iDILI make it very diffi cult to identify it clinically or to study it scientifi cally. 
However, there is evidence from the laboratory that oxidative stress can play a role 
in idiosyncratic toxicity caused by some drugs. 
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 Troglitazone is a peroxisome proliferator-activated receptor agonist that was 
briefl y used for the treatment of diabetes. It is also arguably the most important drug 
in the study of iDILI because the scandal surrounding its approval and use boosted 
awareness of idiosyncratic hepatotoxicity among the public and created pressure for 
regulatory agencies. Interestingly, it has been suggested that troglitazone toxicity 
involves mitochondrial oxidative stress. One study found that mice heterozygous 
for the mitochondrial antioxidant enzyme manganese superoxide dismutase 
(MnSOD, Sod2), which converts superoxide (O 2  − ) to hydrogen peroxide (H 2 O 2 ), 
developed liver injury after one month of daily treatments, while wild-type mice did 
not [ 68 ]. The same group later showed oxidation of mitochondrial proteins in the 
Sod2-defi cient mice [ 46 ] and depletion of mitochondrial GSH [ 47 ]. Similar results 
were shown in these animals after treatment with the non-steroidal anti- infl ammatory 
drug (NSAID) nimesulide [ 67 ], the anti-androgen fl utamide [ 35 ], and the antibiotic 
trovafl oxacin [ 28 ], each of which can also cause liver injury in some people. 
However, the results for troglitazone could not be reproduced in subsequent work 
[ 22 ]. Nevertheless, there is evidence for an association between some forms of 
iDILI and a particular variant of Sod2 in humans [ 29 ,  51 ]. Surprisingly though, this 
allele has been shown to result in increased Sod2 activity within mitochondria. It is 
thought that the increase in mitochondrial Sod2 in these patients may result in 
increased production of H 2 O 2 , which, despite being less reactive than O 2  − , is still a 
strong oxidant [ 51 ]. Consistent with this idea is the fact that individuals who have 
both this variant of Sod2 and a variant of glutathione peroxidase, which detoxifi es 
H 2 O 2 , with reduced activity have an even higher risk of DILI [ 51 ]. Antituberculosis 
drugs, namely isoniazid and rifampicin, are among the most common causes of 
DILI throughout the world [ 1 ,  74 ]. Interestingly, there is some, albeit limited, evi-
dence of oxidative stress in both humans and rodents after exposure to these drugs 
[ 13 ,  14 ]. Both mitochondrial dysfunction and oxidative stress have been implicated 
in the pathogenesis of a number of other drugs that cause DILI as well [ 12 ,  33 ,  54 , 
 79 ]. In fact, it has been proposed that measuring oxidative stress in preclinical mod-
els could be a useful way to screen drugs for DILI potential, and a method for imag-
ing of ROS in vivo using nanoparticle-based sensors has even been developed [ 83 ]. 

 However, although oxidative stress has been observed in both humans and ani-
mal models in idiosyncratic hepatotoxicity, it is unlikely to be the primary mecha-
nism of liver injury for most idiosyncratic drugs. The delayed onset of injury, the 
fact that many of the drugs are hepatotoxic upon re-challenge, the fact that most 
cases of iDILI involve protein adduct formation, and the association of various 
human leukocyte antigen (HLA) variants with iDILI suggest that the adaptive 
immune system drives the injury in most cases [ 93 ].   

9.2.2     Viral Hepatitis 

 Viral hepatitis is the third most common cause of ALF in the US and the single most 
common cause in some developing countries [ 1 ,  44 ]. Hepatitis A (HAV) and B 
(HBV) account for most of these cases, although HCV can also contribute. Infection 
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with HAV and the resulting liver injury are always acute, while HBV and HCV 
infection can be acute or chronic. The clinical course of the infection is determined 
by the strength of the immune response; if the initial response is strong enough, 
either the virus will be cleared and the patient will survive, or the patient will die of 
acute liver failure. A weak response results in chronic infection. Most of the liver 
injury caused by viral hepatitis is due to these immune responses to the infection. In 
the early phase, CD8 +  T cells recognize infected hepatocytes and produce perforins 
and proteases that kill the compromised cells. However, there is evidence that oxi-
dative damage or increased susceptibility to oxidative stress caused by viral proteins 
expressed within the infected hepatocytes also play a role. Unfortunately, like non- 
acetaminophen DILI, viral hepatitis is diffi cult to study using common laboratory 
animals. Rodents are not natural vehicles for these viruses and are resistant to infec-
tion. As a consequence, most researchers rely on human cell culture systems or 
transgenic mice that are engineered to overexpress viral proteins. The data from 
such studies must be interpreted with caution. Moreover, much of the work on oxi-
dative stress in humans with viral hepatitis has been done in patients with chronic 
infection, and the animal models that do exist could be considered chronic models. 
Thus, it is unclear how data from these studies translate to the early acute liver 
injury and liver failure caused by viral hepatitis. Nevertheless, it is clear that oxida-
tive stress occurs in these diseases. 

 Oxidative stress is probably more important in HCV than in other forms of viral 
hepatitis. Overexpression of the HCV core protein causes mitochondrial damage 
and oxidative stress both in vitro and in vivo, and mice overexpressing this protein 
develop more oxidative damage than wild-type mice after exposure to hepatotoxi-
cants [ 41 ,  66 ]. It appears that the core protein associates with mitochondria and 
facilitates movement of Ca 2+  from the endoplasmic reticulum into these organelles 
[ 41 ,  96 ]. The result is mitochondrial swelling and increased ROS production [ 41 , 
 96 ]. Similarly, human hepatoma cells transfected with the HBV genome have ele-
vated levels of oxidized GSH and an increase in oxidative stress-response genes 
early after induction of HBV gene expression when compared with control cells 
[ 80 ]. Oxidation of DNA and a similar induction of antioxidant genes have also been 
observed in the livers of HBV transgenic mice [ 102 ]. Interestingly, the HBV X pro-
tein (HBx), like the HCV core protein, is known to localize to mitochondria and 
appears to be suffi cient on its own to induce mitochondrial oxidative stress in human 
hepatoma cells [ 48 ]. Evidence of oxidative stress has also been observed in patients 
with chronic HBV or HCV and with HAV infection [ 11 ,  23 ,  40 ,  94 ]. However, as 
mentioned, the signifi cance of these results for patients who develop acute liver 
failure after the early injury is unknown. The role of oxidative stress in chronic viral 
hepatitis is discussed elsewhere in this volume. 

 In addition to the intracellular oxidative stress directly caused by viral proteins, 
there is some evidence that granzyme A, a protease produced by the cytotoxic T 
cells that are responsible for the early liver injury, can cleave a subunit in complex I 
of the electron transport chain, resulting in increased production of reactive oxygen 
species in the mitochondria [ 53 ]. Unfortunately, the role of granzyme A in oxidative 
stress caused by viral hepatitis has not been thoroughly investigated.  
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9.2.3     Wilson Disease 

 Wilson disease is caused by a mutation in the transporter  ATP7B  gene [ 9 ,  90 ,  99 ]. 
This gene is primarily expressed in hepatocytes and is responsible for the biliary 
excretion of copper. When ATP7B is defective, copper accumulates within hepato-
cytes and causes damage. There is considerable variation in patient presentation 
[ 75 ]. In many cases, individuals with Wilson disease present with some form of 
chronic liver injury or with psychiatric complications in the absence of overt hepatic 
damage. However, some are asymptomatic until they suddenly develop ALF [ 46 ]. 

 It has been known for decades that patients with Wilson disease have altered 
mitochondrial morphology [ 88 ] and that proper morphology can be restored with 
copper chelation treatment [ 89 ]. These fi ndings, coupled with the knowledge that 
Cu 2+  is a strong oxidizing agent capable of producing hydroxyl radical through 
Fenton-like chemistry, led to the hypothesis that the pathogenesis of Wilson’s dis-
ease involves mitochondrial oxidative stress. This idea is supported by the observa-
tion of lipid peroxidation in mitochondria from rats with dietary copper overload 
[ 86 ] and from humans with Wilson disease [ 87 ]. Some evidence of DNA damage 
resulting from oxidative stress and lipid peroxidation products has also been 
observed in both Wilson patients and in animal models of the disease [ 10 ,  62 ,  63 , 
 101 ], and some Wilson disease patients appear to have mitochondrial DNA altera-
tions that are consistent with oxidative lesions [ 52 ]. More recently, a pattern of 
inhibition of mitochondrial enzymes consistent with what has been seen in a mouse 
model of mitochondrial oxidative stress has been reported in humans with Wilson 
disease [ 25 ]. Based on these data, it is commonly thought that the mitochondrial 
damage in Wilson disease is caused by oxidative stress resulting from accumulation 
of copper in hepatocytes. However, a diffi culty with this hypothesis is that most 
copper is bound to protein under physiological conditions and is therefore not avail-
able to act as a pro-oxidant. An alternative explanation is that the copper ions help 
to crosslink proteins in mitochondrial membranes, resulting in aggregation of mito-
chondria and extreme changes in mitochondrial morphology and function [ 103 ]. In 
this scenario, the mitochondrial oxidative stress is a result of these changes in mito-
chondrial ultrastructure and may or may not be important in the downstream mecha-
nisms of injury [ 103 ]. While it’s clear that mitochondria are central in the 
mechanisms of liver injury in Wilson disease, additional work is needed to clarify 
the role of oxidative stress in this condition.  

9.2.4     Other Causes of ALF 

 Little data are available for oxidative stress in other causes of ALF. Like DILI and 
viral hepatitis, the liver injury in autoimmune hepatitis is primarily caused by cells 
of the adaptive immune system [ 16 ,  49 ]. Nevertheless, there is limited evidence to 
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suggest that oxidative stress occurs in patients with this condition [ 78 ]. Liver dis-
ease occasionally occurs in pregnant women who are near-term. The disease is often 
aggressive and can sometimes only be cured by birth. Serum arachidonic acid levels 
are elevated in some patients with acute fatty liver of pregnancy [ 65 ], and it has been 
suggested that the arachidonic acid causes mitochondrial damage and oxidative 
stress in hepatocytes of these patients [ 65 ]. Hepatotoxins found in the death cap 
mushroom  Amanita phalloides  damage the liver by inhibiting RNA polymerase. 
Although it has been suggested that these toxins can also cause oxidative stress, 
limited data suggest that this is not the case in humans [ 8 ].   

9.3     The Role of Oxidative Stress in Liver Regeneration 

 There is evidence that the fi nal outcome of acute liver injury is determined by the 
balance between injury and regeneration, especially after exposure to hepatotoxic 
chemicals [ 60 ]. The liver has a remarkable ability to regenerate. In experimental 
models, as much as 70 % of liver mass can be restored after surgical removal or 
acute hepatotoxicity. However, if the damage is so severe that the remaining cells 
cannot proliferate to replace the liver’s original functional mass, the victim will 
likely enter liver failure. Generally, oxidative stress is detrimental during liver 
injury. However, there is new evidence emerging that oxidative stress can also 
encourage regeneration. Nuclear factor (erythroid derived 2)-like 2 (NFE2L2/Nrf2) 
is a redox-responsive nuclear transcription factor that binds to antioxidant response 
element (ARE) sequences in DNA that are upstream of antioxidant genes and 
upregulates expression of these genes. Nrf2 is normally held inactive in the cytosol 
by the cysteine-rich protein Kelch-like ECH-associated protein 1 (Keap1) [ 30 ]. 
When oxidative stress develops, two critical cysteine residues of Keap1 are oxi-
dized, causing it to dissociate from Nrf2 [ 95 ]. Nrf2 can then translocate to the 
nucleus. It was found that Nrf2-defi cient mice had delayed liver regeneration after 
partial hepatectomy [ 7 ]. It was concluded that the loss of Nrf2 and the resulting loss 
of antioxidant response gene induction resulted in greater oxidative stress in these 
animals, which led to a reduction in insulin and insulin-like growth factor 1 signal-
ing [ 7 ]. While this suggests that extreme oxidative stress actually inhibits regenera-
tion, it is important to keep in mind that this work was done with Nrf2 knockout 
animals. More recent work has shown that the gene for augmenter of liver regenera-
tion (ALR) is downstream of an ARE in normal wild-type mice and that activation 
of Nrf2 results in increased expression of ALR, which can enhance liver regenera-
tion [ 20 ]. Thus, it seems that oxidative stress has an important role in determining 
the balance between injury and repair mechanisms. It is possible that pharmacologi-
cal Nrf2 activators could be used in the treatment of ALF in the future.  
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9.4     The Importance of Choosing the Right Endpoint 

 While there is evidence for oxidative stress in a number of liver diseases, the inabil-
ity to detect it in some cases does not mean that it doesn’t occur. It is critical to 
consider the sources and sites of the oxidative stress, the specifi c ROS involved, and 
the mechanisms of protection against the specifi c ROS. For example, markers of 
lipid peroxidation are likely not signifi cantly elevated in serum of patients with 
APAP hepatotoxicity, as lipid peroxidation is not a major contributor to the mecha-
nisms of the injury [ 38 ]. It is very important to choose the right end point when 
studying oxidative stress, and any study proposing a role for oxidative stress in liver 
injury, particularly those involving humans, should be critically evaluated.  

9.5     Conclusions 

 ALF is a rare, but devastating, condition which is often fatal. Clinically, ALF is 
characterized by coagulopathy and encephalopathy developing within just days or 
weeks of the fi rst symptoms of disease. Currently, liver transplantation is the only 
cure. Importantly, oxidative stress has been implicated in many causes of ALF. It is 
clear that it has a role in both of the two major causes of ALF throughout the world: 
a considerable amount of data from rodent studies demonstrate that oxidative stress 
is critical in the mechanisms of APAP hepatotoxicity, and similar evidence exists for 
oxidative stress in viral hepatitis from both rodents and humans. Although a role for 
oxidative stress has been proposed for other causes of ALF (e.g., Wilson disease, 
pregnancy- related liver disease, etc.), much more work is needed in those areas. 
Paradoxically, recent studies have also uncovered an important role for oxidative 
stress in liver regeneration through Nrf2 activation. The latter fi nding suggests that 
Nrf2 activators may be clinically useful in the treatment of ALF to promote tissue 
repair and regrowth. Future work should explore this possibility in greater detail.   
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    Chapter 10   
 Oxidative Stress in Alcoholic Liver Disease 

             Emanuele     Albano    

10.1            Introduction 

 The excessive consumption of alcoholic beverages is an important cause of death 
and disease worldwide. In developed countries alcohol-related mortality is esti-
mated to range from 7.9 to 14.3 per 100.000 habitants representing the third cause 
of death [ 1 ]. However, in the recent years alcohol abuse has become a leading cause 
of disease also in the developing countries of Central and South America and East 
Asia [ 2 ]. Although ethanol can damage several organs, alcoholic liver disease 
(ALD) is the most common medical consequence of excessive alcohol intake. ALD 
accounts for 8 % of newly diagnosed liver diseases and for more than 50 % of 
chronic liver diseases [ 3 ]. In addition, heavy alcohol consumption is often a comor-
bility factor in hepatic injury caused by viral infections or by metabolic disorders 
[ 4 ,  5 ]. ALD encompasses a broad spectrum of histological features ranging from 
lipid accumulation within the hepatocytes (fatty liver or steatosis) with minimal 
parenchymal injury to more advanced liver damage, including steatohepatitis and 
fi brosis/cirrhosis. Almost all heavy drinkers develop steatosis with variable degree 
of necro-infl ammation; however, overt alcoholic hepatitis is diagnosed in only 
10–35 % of cases [ 5 ]. The progression of ALD to alcoholic cirrhosis is evident in 
about 8–20 % of alcohol abusers [ 5 ]. Even so, only in US alcohol accounts for about 
44 % of the 30,000 deaths caused every year by hepatic cirrhosis [ 2 ]. Similar fi gures 
hold for Europe, where the prevalence of alcoholic cirrhosis in the different coun-
tries correlates quite well to the national per capita alcohol consumption [ 6 ,  7 ]. At 
the individual level, the risk of developing ALD shows a dose–effect relationship 
with daily alcohol intake [ 8 ]. However, such an association is not linear as only 6 % 
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of the subjects consuming more than 80–90 g of ethanol a day show clinical sings 
of cirrhosis [ 9 ]. Moreover, prospective studies in heavy drinkers suggest that the 
mortality for alcoholic cirrhosis has a threshold, but not a dose–response effect [ 10 ]. 
It is also noteworthy that chronic alcohol consumption increases by about fi vefold 
the risk of hepatocellular carcinoma (HCC) and that about 15 % of the patients with 
alcoholic cirrhosis develop HCC [ 11 ,  12 ]. At present, the reasons for the large inter- 
individual variability in the risk of alcohol-induced liver injury are still poorly char-
acterized. A gender difference is well evident with women being twice more 
sensitive to alcohol-mediated hepatotoxicity than men. They develop ALD at lower 
intake of alcohol and with shorter duration of consumption as compared to males 
[ 5 ]. Ethnic differences are also appreciable with African–Americans and Hispanic 
males showing incidence rates of alcoholic cirrhosis higher than Caucasian males, 
irrespective of the alcohol intake [ 5 ]. Thus, the duration of alcohol abuse, the drink-
ing patterns, the type of alcoholic beverages along with metabolic and genetic fac-
tors likely infl uence the risk of ALD progression independently from the amount of 
ethanol consumed [ 5 ,  13 ]. Furthermore, in spite of the fact that from the clinical 
point of view steatosis, steatohepatitis, and fi brosis/cirrhosis represent the evolution 
of alcohol-induced hepatic injury, it is increasingly clear that the mechanisms lead-
ing to each of these lesions can be quite different.  

10.2     Ethanol Metabolism in the Liver 

 Ethanol is largely (90–98 %) metabolized in the liver. Such a specifi city justifi es why 
ethanol toxicity mostly involves this organ. In human hepatocytes ethanol is con-
verted to acetaldehyde by the action of alcohol dehydrogenase (ADH), microsomal 
cytochrome P450, and to minor extent by catalase [ 14 ,  15 ]. The major pathway for 
hepatic ethanol oxidation involves ADH, a NAD-dependent zinc metalloenzyme 
present in human tissues in fi ve different iso-enzyme classes [ 14 ,  15 ]. These enzymes 
originate from the association of eight different subunits into active dimeric mole-
cules. The hepatic alcohol metabolism largely relies on the Class I ADH (ADH1A/
B/C) that has high affi nity for ethanol. Microsomal ethanol oxidation mainly relies 
on the action of cytochrome P4502E1 isoenzyme (CYP2E1) with a minor contribu-
tion of other isoforms (CYP1A2 and CYP3A4) [ 14 ]. CYP2E1 is mainly expressed 
in centrilobular hepatocytes, but small amounts are detectable also in hepatic macro-
phages obtained from alcohol-fed rats [ 16 ]. CYP2E1 K m  for ethanol is about tenfold 
higher than that of ADH, and at low alcohol concentration, microsomal ethanol oxi-
dation accounts for about 10 % of the overall alcohol elimination [ 16 ]. However, 
chronic alcohol exposure increases by 5- to 20-fold CYP2E1 activity through both 
enzyme stabilization and increased gene expression [ 16 ]. Thus, CYP2E1 may have 
a major role in ethanol elimination in alcohol abusers. However, the evaluation of 
CYP2E1 activity in humans through the measure of the oxidation of the myorelaxant 
drug chlorzoxazone reveals that an appreciable CYP2E1 up-regulation occurs 
already following moderate alcohol consumption [ 17 ]. There is also a large inter-
individual variability in CYP2E1 induction with a minority of heavy drinkers who 
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do not show appreciable increase in CYP2E1 activity [ 18 ]. Recent evidence indi-
cates that CYP2E1 induction not only involves the microsomal form of the enzyme, 
but also two CYP2E1 variants that are present in the mitochondrial matrix (mtCY-
P2E1s). These mtCYP2E1s consist of a highly phosphorylated form and a truncated 
form lacking of the hydrophobic part at the NH 2 -terminus [ 16 ]. At difference from 
the microsomal CYP2E1 that uses NADPH and cytochrome P450 reductase for 
electron transfer, the electron suppliers of mtCYP2E1s are adrenodoxin and adreno-
doxin reductase [ 16 ]. Overall, mtCYP2E1s account for 30–40 % of the microsomal 
enzyme activity, and because of their localization, have important implications in 
alcohol hepatotoxicity [ 16 ]. Finally, a small fraction of CYP2E1 (about 10 % or the 
microsomal content) is also expressed on the outer layer of the hepatocyte plasma 
membranes, where it is transported from the Golgi apparatus via the secretory vesi-
cles [ 19 ]. Plasma membrane CYP2E1 is catalytically active, but its importance in 
alcohol toxicity mainly relies on the fact that it is the target for allo- and auto-immune 
reactions (see below). Finally, catalase has been implicated in ethanol oxidation [ 14 , 
 15 ]. Although such a reaction might have a role in brain alcohol metabolism, its role 
in human liver appears to be negligible [ 14 ]. 

 Acetaldehyde that originates from ethanol oxidation is largely detoxifi ed by the 
action of NAD-dependent aldehyde dehydrogenases (ALDH) with the formation of 
acetate. ALDHs are tetramers or dimers formed by the same subunits [ 20 ]. Among 
the 19 ALDHs characterized in humans, only a few are involved in acetaldehyde 
oxidation, and of these, the mitochondrial ALDH2 and the cytosolic ALDH1A are 
the most effective. These enzymes are highly effi cient (Km values of about 1 M) 
and detoxify more than 99 % of the acetaldehyde generated within the hepatocytes 
[ 20 ]. However, low amounts of acetaldehyde can escape detoxifi cation interacting 
with proteins and nucleic acids [ 20 ]. Acetaldehyde binding to DNA is regarded as 
an important factor in the carcinogenic effects of alcohol [ 12 ]. It is noteworthy that 
ALDHs play also an important role in the detoxifi cation of a variety of aldehydic 
compounds originating from the peroxidation of unsaturated lipids during oxi-
dative stress [ 21 ]. 

 During acute ethanol intoxication, large amount of NADH are generated and the 
increased NADH/NAD ratio can affect hepatic enzymes involved in lipid, carbohy-
drate, and uric acid metabolism [ 4 ]. In particular, the excess of NADH decreases 
fatty acid oxidation and enhances lipogenesis leading to triglyceride accumulation 
within the hepatocytes, while the block of pyruvate conversion to glucose increases 
lactic acid production causing alcoholic hypoglycaemia and acidosis [ 4 ]. These 
metabolic disturbances are, however, rapidly reversible and seem to be attenuated 
during chronic ethanol ingestion.  

10.3     Oxidative Stress in the Pathogenesis of ALD 

 It is now widely accepted that ALD has a multifactorial pathogenesis and that the 
disease evolution is the result of the interaction between many factors including 
oxidative damage, metabolic disturbances, endoplasmic reticulum stress, and 
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infl ammatory responses. The role of oxidative stress in alcohol liver injury has 
received attention since the early 1960s when Di Luzio fi rst reported the detection of 
lipid peroxidation in the livers of alcohol-treated rats [ 22 ]. During the following 
three decades, the capacity of ethanol to trigger oxidative stress was further sup-
ported by the demonstration that ethanol increases the hepatic production of free 
radical species in both parenchimal and non-parenchimal cells and by the detection 
of oxidative modifi cations in hepatic constituents following both acute and chronic 
ethanol administration to experimental animals [ 23 ,  24 ]. In line with these fi ndings, 
many reports have demonstrated an increase in lipid peroxidation products, protein 
carbonyls, and other oxidative stress biomarkers in both the liver and the serum of 
patients with alcohol abuse, particularly in those with advanced ALD [ 25 – 28 ]. The 
relevance of these observations to the human disease has also been confi rmed by the 
immunohistochemical detection of proteins adducted by lipid peroxidation products 
in liver biopsies from alcohol abusers where these adducts are particularly evident in 
the areas of focal necrosis and around fi brotic septa [ 29 ]. However, rodent aversion 
for alcohol has hampered for many years the possibility to verify experimentally the 
actual role of oxidative stress in the pathogenesis ALD and only the introduction of 
rodent enteral nutrition with an alcohol-containing liquid diet has now partially 
overcome this limitation. By using this experimental approach, it has been possible 
to show that rats receiving ethanol in combination with a diet rich in highly oxidiz-
able unsaturated fatty acids from corn or fi sh oil develop extensive hepatic lipid 
peroxidation and parenchymal damage [ 30 ,  31 ], while minor effects are evident 
when a similar amount of ethanol is given together with poorly oxidizable medium 
chain triglycerides [ 32 ]. Furthermore, replacing fi sh oil with less- oxidizable palm 
oil while continuing ethanol administration improves oxidative stress and amelio-
rates already established liver damage [ 33 ]. On the same line, several other studies 
have demonstrated that supplementing alcohol-fed rodents with a variety of antioxi-
dants and free radical scavengers reduces oxidative stress and hepatic injury [ 34 –
 36 ]. Protection against oxidative stress and hepatotoxicity caused by the enteral 
alcohol administration is also evident in mice over-expressing antioxidant enzymes 
such as cytosolic (Cu–Zn)-superoxide dismutase (SOD-1) or mitochondrial (Mn)-
superoxide dismutase (SOD-2) [ 37 ,  38 ]. Conversely, SOD-1 knockout mice show 
increased lipid peroxidation, extensive centrilobular necrosis, and infl ammation 
upon moderate ethanol consumption [ 39 ]. In a similar manner, mice defi cient for the 
transcription factor erythroid-2-related factor (Nfr2) which regulates the gene 
expression of antioxidant enzymes are more sensitive to alcohol hepatotoxicity 
undergoing extensive liver injury and an increased mortality when exposed to low 
amounts of ethanol otherwise well-tolerated by wild-type animals [ 40 ].  

10.4     Mechanisms Responsible for Alcohol-Induced Oxidative 
Stress in the Liver 

 The occurrence of oxidative stress during ethanol intake is the result of the 
combined action of alcohol in increasing the generation of oxidizing species such 
as reactive oxygen species (ROS) and nitric oxide (NO) and in lowering 
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intracellular antioxidant defenses [ 12 ]. In addition, ethanol itself can generate free 
radical intermediates, known as hydroxyethyl-free radicals. 

10.4.1     Reactive Oxygen Species 

 During alcohol intake the mitochondrial respiratory chain and CYP2E1-dependent 
microsomal monoxygenase system are the main intracellular sources of ROS in 
hepatocytes, while extracellular ROS generated by activated infl ammatory cells also 
signifi cantly contribute to the pro-oxidant action. 

 The capacity of ethanol to promote ROS generation by the mitochondria has 
emerged from the observation that both acute and chronic ethanol exposure increase 
the oxidation of mitochondrial proteins and DNA (mtDNA) and deplete the organelle 
pool of reduced glutathione (mtGSH) [ 39 ,  40 ]. During acute ethanol intoxication, 
an excess of O 2  −  results from an enhanced leakage of electrons from complexes I 
and III of the mitochondrial respiratory chain in relation to an increased availability 
of NADH [ 41 ,  42 ]. Conversely, the stimulation in mitochondrial ROS production 
that characterizes chronic alcohol administration is the consequence of an impaired 
synthesis of mitochondria-encoded constituents of the respiratory chain [ 41 ,  42 ]. 
Indeed, single or multiple mtDNA deletions are frequent in the liver of alcohol- 
treated rats as well as hepatic biopsies from alcoholic patients [ 42 ]. On their turn, 
these mtDNA alterations contribute to the selective lowering of mitochondrial respi-
ratory chain components evident in alcohol-treated rodents [ 43 ]. Additional mecha-
nisms that can contribute to mitochondrial ROS generation during alcohol exposure 
can involve the interaction of the complexes II and III with N-acetylsphingosine 
(C 2 -ceramide) released by hepatocytes in response to tumor necrosis factor α (TNF- 
α) [ 44 ] and the development of hepatic hypoxia. 

 As mentioned above, CYP2E1-dependent microsomal monoxygenase system 
represents an important biotransformation pathway of ethanol, particularly in the 
presence of high alcohol intake [ 16 ]. CYP2E1 has a especially high NADPH oxi-
dase activity leading to the production of large quantities of O 2  −  and H 2 O 2 . In liver 
microsomes from either humans or alcohol-fed rodents, CYP2E1 content positively 
correlates with NADPH-oxidase activity as well as with the extent of lipid peroxida-
tion. Recent studies have also implicated mitochondrial CYP2E1s (mtCYP2E1s) as 
additional sources of ROS [ 16 ,  45 ]. In fact, cells over-expressing mtCYP2E1s 
undergo oxidative damages upon ethanol exposure [ 46 ]. Thus, the high effi ciency of 
CYP2E1 in reducing oxygen to O 2  −  and H 2 O 2  is regarded as key contributor to 
 oxidative stress during chronic exposure to alcohol. Indeed, the addition of ethanol 
to HepG2 hepatoma cells stably transfected with the  CYP2E1  gene increases ROS 
production and causes oxidative stress-mediated cell injury [ 16 ]. In these cells as 
well as in the liver of heavy drinkers, CYP2E1 levels also correlate with the amounts 
of DNA adducts with the lipid peroxidation products 4-hydroxynonenal (4-HNE) 
[ 16 ,  47 ]. These 4-HNE-DNA adducts involve the codon 249 of human p53 gene, a 
unique mutational hot spot in hepatocellular carcinoma [ 48 ], suggesting CYP2E1- 
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dependent oxidative injury as a relevant factor in alcohol-induced hepatocarcino-
genesis. In line with these fi ndings, experiments performed using enteral alcohol-fed 
rats have demonstrated that the induction of CYP2E1 by ethanol enhances hepatic 
lipid peroxidation, while compounds interfering with CYP2E1 expression signifi -
cantly decrease oxidative stress and hepatic damage [ 49 ]. However, CYP2E1 
knockout mice are not protected from alcohol toxicity [ 50 ] in spite of the fact that 
protein carbonyls and oxidized DNA products are lower in CYP2E1-null mice than 
in wild-type animals [ 51 ]. Such a discrepancy can be explained considering that, 
differently from rats and humans, CYP2E1 represents less than 5 % of the total 
hepatic cytochrome P450 content in ethanol-fed mice making its contribution to 
alcohol toxicity easily blunted by other factors [ 51 ]. On the other hand, ethanol 
administration to CYP2E1 transgenic mice over-expressing CYP2E1 causes more 
liver injury than in naïve mice and this effect is associated with a potentiation of 
oxidative damage and centrilobular hypoxia [ 52 ]. Interestingly, following alcohol 
feeding mice expressing human instead of murine CYP2E1 show higher hepatic 
CYP2E1 content and increased oxidative stress and hepatic injury than similarly 
treated wild-type mice [ 53 ], confi rming the importance of the monoxygenase 
 system in alcohol hepatotoxicity. 

 As discussed in the next paragraph, infl ammation plays an important role in alco-
hol hepatotoxicity. Lobular infl ammation associated to both acute and chronic alco-
hol intoxication is an important source of extracellular ROS that are generated by 
Kupffer cells and liver-infi ltrating leucocytes through the activation of NADPH oxi-
dase. Phagocyte NADPH oxidase is a multimeric transmembrane enzymatic com-
plex that comprises the catalytic subunit (NOX2), regulatory subunits (p22 phox , 
p40 phox , and p47 phox ), and the Rho small GTPase Rac1/2 [ 54 ]. The contribution of 
phagocyte-derived ROS to alcohol-induced oxidative stress has emerged from the 
observation that macrophage depletion with gadolinium chloride lowers the hepatic 
production of O 2  −  following ethanol infusion and decreases both liver injury and 
lipid peroxidation markers in chronic enteral alcohol-fed rats [ 55 ]. A similar protec-
tion is also evident in mice knockout for NADPH oxidase p47 phox  [ 56 ] or in animals 
defi cient for ICAM-1, an endothelial adhesion molecule required for the recruit-
ment of leucocytes into infl ammatory sites [ 57 ]. Nonetheless, following alcohol 
administration, the extent of DNA oxidation induced is comparable in both p47 phox  
knockout and naïve mice, whereas CYP2E1-null mice are instead protected from 
such damages [ 51 ]. Altogether, these results indicate a different contribution of 
intracellular and extracellular ROS sources in ethanol-induced oxidative stress.  

10.4.2     Hydroxyethyl-Free Radicals 

 One peculiarity of CYP2E1-mediated alcohol metabolism is represented by the 
conversion of ethanol itself to 1-hydroxyethyl-free radical (CH 3 C • HOH; HER) [ 58 ]. 
The mechanisms responsible for HER formation involve the presence of ferric-
CYP2E1- oxygen complexes as well as of hydroxyl radicals [ 58 ]. HERs are 
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produced by rat liver microsomes at a rate 10 times lower than the ethanol conver-
sion to acetaldehyde [ 59 ]. Nonetheless, because of their high reactivity, they are 
mainly responsible for the alkylation of hepatic constituents including CYP2E1 
itself [ 58 ]. One of the consequences of protein alkylation by HER is the stimulation 
of an immune response characterized by the generation of antibodies specifi cally 
recognizing HER-derived epitopes [ 59 ]. These antibodies are detectable in the sera 
of both chronically ethanol-fed rats and patients with ALD where they strictly cor-
relate with CYP2E1 activity [ 58 ,  60 ], indicating that HER generation actually takes 
place during “in vivo” alcohol metabolism in humans. Interestingly, heavy drinkers 
who do not display CYP2E1 induction have titers of anti-HER IgG comparable to 
non-drinking controls and signifi cantly lower than drinkers with normally induced 
CYP2E1 activity [ 18 ].  

10.4.3     Nitric Oxide 

 An additional contribution to alcohol-induced oxidative stress may originate from 
the interaction of nitric oxide (NO) with O 2  −  to generate highly oxidizing peroxyni-
trite (ONOO − ). During alcohol intoxication, NO is mainly generated in activated 
phagocytes by inducible NO synthetase (iNOS) that increases by threefold follow-
ing chronic ethanol exposure [ 61 ]. Accordingly, signs of ONOO-mediated nitrosa-
tive stress are evident in alcohol-treated rodents [ 62 ]. One of the targets of the 
increased NO formation are mitochondria that shows a NO-dependent decrease in 
the respiratory chain functions [ 63 ]. Consistently, the selective iNOS inhibitor N-(3- 
aminomethyl)benzyl-acetamindine (1,400 W) or iNOS genetic defi ciency reduce 
oxidative stress, mitochondrial respiratory impairment, and hepatic injury induced 
by chronic alcohol feeding [ 34 ]. Nonetheless, the actual role of NO in the pathogen-
esis of alcohol-mediated oxidative stress awaits further investigations, as the treat-
ment with the non-selective NO-inhibitor, N-nitro-L-arginine methyl ester 
(L-NAME), worsens alcohol liver damage [ 64 ]. This suggests that NO generated by 
phagocyte iNOS might be harmful in ALD, while NO produced by endothelial 
(eNOS) and possibly other NO sources can prevent alcoholic injury. According to 
this view, the stimulation of NO production within the hepatocytes increases their 
resistance to ethanol-induced oxidative stress by lowering intracellular low molecu-
lar weight iron content [ 65 ].  

10.4.4     Iron Overload 

 Alteration of iron homeostasis is a well-recognized cofactor in the promotion of 
oxidative stress in many liver diseases, in relation to the capacity of this metal to 
stimulate the breakdown of lipid hydroperoxides and to catalyze the generation of 
hydroxyl radicals. A common feature of chronic alcohol intake in humans is the 
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accumulation of an excess of iron within the hepatocytes [ 66 ]. However, an increased 
liver iron deposition is also evident even after moderate alcohol consumption [ 67 ]. 
Growing evidence suggests that ethanol induces liver iron overload by interfering 
with the functions of hepcidin [ 68 ], a liver-produced peptide that regulates the cir-
culating iron levels by inhibiting ferroportin-mediated iron release from enterocytes 
and macrophages [ 69 ]. Alcohol-mediated oxidative stress has been proposed to 
affect hepatocyte hepcidin synthesis by acting on its transcription factor CCAAT/
enhancer-binding protein-α (C/EBP-α) [ 70 ]. Nonetheless, enhanced activity of 
hypoxia-inducible factors (HIF-1/2α) as a consequence of hepatocyte hypoxia can 
also contribute in down-modulating C/EBP-α expression during chronic alcohol 
intake [ 71 ]. This latter effect can be related to CYP2E1 activity as modulation of 
intrahepatic CYP3E1 content infl uence in a similar manner liver hypoxia and 
HIF-1α activity in alcohol-treated mice [ 72 ]. In line with these fi ndings, hepatic 
hepcidin mRNA levels are low in alcoholic patients [ 73 ], while ferroportin expres-
sion is increased in macrophages from alcohol-exposed rats [ 74 ]. In this scenario, 
low hepatocyte hepcidin production would favor an increased iron release by entero-
cytes and macrophages and its concomitant storage within the liver. On its turn, an 
increased hepatic content of intracellular low molecular weight non-protein iron 
exacerbates ethanol-induced oxidative damage in parenchymal cells of animals 
receiving alcohol [ 23 ] and stimulates macrophage ROS production [ 74 ]. 
Accordingly, iron supplementation of enteral alcohol-fed rats enhances lipid peroxi-
dation and worsens liver pathology [ 75 ].  

10.4.5     Interference with Liver Antioxidant Defenses 

 Beside alcohol capacity to stimulate free radical generation, the impairment of liver 
antioxidant defenses substantially contributes to oxidative injury in ALD. Alcohol 
action on antioxidant defenses involves a lowering of small molecular weight anti-
oxidants, such as reduced glutathione (GSH) and α-tocopherol (Vitamin E), and an 
impairment in antioxidant enzymes. Early studies have shown that a decrease in the 
liver GSH content is common in ethanol-fed animals as well as in alcoholic patients 
independently from the nutritional status or the degree of liver disease [ 23 ]. On the 
other hand, the stimulation of GSH re-synthesis by rat supplementation with the 
GSH precursors L-2-oxothiazolidine-4-carboxylic acid or N-acetylcysteine prevents 
oxidative stress in enteral alcohol-feed rats [ 36 ,  76 ]. Hepatic GSH lowering can be 
regarded as one of the consequences of the impairment of S-adenosylmethionine 
(SAMe) production, as SAMe is a precursor of cysteine that is required for GSH 
synthesis [ 77 ]. SAMe is generated in an ATP-dependent reaction catalyzed by the 
enzyme methionine adenosyltransferase isoenzymes MATI and MATIII [ 77 ]. 
Beside to be a cysteine precursor, SAMe acts as the principal methyl group donor 
for the methylation reactions involving DNA, RNA biogenic amine, histones, and 
phospholipids [ 77 ]. These latter reactions generate homocysteine that is converted 
back to methionine by the action of methionine synthetase using methyl groups 
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supplied by the combined action of methyltetrahydrofolate and vitamin B12 [ 77 ]. 
A lowering of hepatic SAMe content is evident in experimental animals chronically 
treated with alcohol as well as in patients with alcoholic hepatitis [ 78 ]. Alcohol 
affects SAMe formation either directly by impairing MAT and methionine synthe-
tase activities, or indirectly by interfering with the turnover of folate, a key cofactor 
in methyl group transfer [ 78 ]. Consistently, SAMe administration attenuates 
alcohol- induced GSH depletion and oxidative injury in rats and mini-pigs [ 78 ]. It is 
noteworthy that during chronic alcohol intake, hepatic GSH depletion mainly 
involves the mitochondrial pool (mtGSH) of centrilobular hepatocytes [ 79 ]. Such a 
selective mtGSH depletion is partially due to an enhanced mtGSH oxidation in 
response to mitochondrial ROS production as the expression of mtCYP2E1 in 
HepG2 cell selectively depletes mtGSH [ 16 ]. In addition, defects in the GSH trans-
port from cytosol to the mitochondrial matrix further contribute to affect mtGSH 
homeostasis. In fact, alcohol increases the hepatic synthesis of cholesterol and cho-
lesterol unbalance in mitochondrial membranes interferes with the activity of GSH 
carrier proteins [ 79 ]. The action of ethanol on mtGSH homeostasis favors oxidative 
mitochondrial damage and enhances hepatocyte susceptibility to TNF-α-mediated 
cytotoxicity [ 79 ,  80 ]. Beside the effects on GSH, in both humans and rodents 
chronic alcohol intake decreases the liver and the plasma levels of vitamin E. Vitamin 
E depletion contributes to oxidative injury as in humans vitamin E levels inversely 
correlate with the extent of lipid peroxidation [ 25 ]. Moreover, vitamin E-defi cient 
rats show an increased susceptibility to alcohol-induced oxidative stress and hepa-
totoxicity [ 81 ], while upon discontinuation of alcohol feeding the administration of 
vitamin E reduces the severity of hepatic lesions [ 32 ]. 

 The effects of alcohol on antioxidant enzymes are less well-characterized. In one 
hand, ethanol increases the liver expression of the nuclear factor erythroid-2-related 
factor (Nfr2), which regulates the expression of antioxidant enzyme genes [ 81 ]. 
Consistently, the mRNA levels of liver glutathione peroxidase and catalase are 
increased following chronic alcohol administrations [ 82 ,  83 ], whereas Nfr2 defi -
ciency greatly enhances mice susceptibility to alcohol-induced oxidative stress [ 38 ]. 
On the other hand, alcohol hepatotoxicity is associated with a signifi cant decline in 
the hepatic content and enzymatic activity of (Cu–Zn)-superoxide dismutase (SOD-
1), catalase, and glutathione peroxidase and the loss of these antioxidant enzymes 
inversely correlates with the extent of both lipid peroxidation and hepatic injury 
[ 31 ]. Similarly, mice ethanol feeding rapidly reduces the hepatic content of thiore-
doxin- 1 (Trx-1), a redox-sensitive protein implicated in the reduction of oxidized 
proteins [ 33 ]. Little is known about the mechanisms responsible for such contrasting 
effects, but it is possible that ethanol might stimulate the intracellular  degradation 
of antioxidant enzymes or interfere with their post-transcriptional regulation. On 
this latter respect, alcohol feeding in mice has been recently shown to modulate 
several epigenetic systems in the liver including the expression of microRNAs 
(miRNAs) that might infl uence the synthesis regulation of a variety of proteins [ 84 ]. 
Although in rodents manipulations of antioxidant enzymes such as Trx-1, SOD-1, 
and SOD-2 strongly infl uence alcohol-induced oxidative injury and hepatotoxicity 
[ 35 ,  37 – 39 ], human studies investigating the possible role of genetic polymorphisms 
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of antioxidant genes in ALD have been inconclusive [ 13 ]. One of the most frequent 
of those genetic variants is a  16 alanine/valine substitution in the leader amino acid 
sequence (about 25 % prevalence in Caucasians) that is responsible for the mito-
chondrial localization of SOD-2 [ 13 ]. The Ala-SOD-2 variant translocates less effi -
ciently to the mitochondria than the Val-SOD-2 [ 13 ], but Ala-SOD-2 does not 
appear to infl uence oxidative damage in ALD [ 85 ].   

10.5     Role of Oxidative Stress in the Pathogenesis 
of Alcohol- Induced Liver Injury 

 As previously mentioned, ALD is characterized by a variety of histological lesions 
including steatosis, hepatocyte death by either necrosis or apoptosis, the presence of 
Mallory’s bodies, lobular infl ammation, and fi brosis/cirrhosis that implicate to dif-
ferent extent oxidative stress. 

10.5.1     Alcoholic Steatosis 

 An increase in the hepatic content of triglycerides represents the most common his-
tological and biochemical feature of excessive alcohol intake. Alcoholic steatosis 
mainly consists in the presence of a medium-sized/large fat droplet in hepatocyte 
cytoplasm (macrovesicular steatosis) with lateral displacement of the nucleus. Fat 
accumulation mostly involves all hepatic acinus, but may be prominent in the centri-
lobular areas [ 4 ]. Microvesicular steatosis, consisting in liver cell fi lling by small fat 
droplets, is relatively rare in ALD (0.8–2.3 %), but it is often associated with a more 
severe evolution of the hepatic injury [ 4 ]. Although steatosis is mostly asintomatic 
and often reversible, it is presently regarded as an important contributor in the pro-
gression of liver damage to fi brosis [ 86 ]. Alcoholic steatosis results from the combi-
nation of increased triglyceride synthesis, lowered fatty acids oxidation, and impaired 
lipoprotein secretion. These effects are the consequence of ethanol interferences 
with the nuclear transcription factors, sterol regulatory element-binding protein-1 
(SREBP-1) and peroxisome proliferator-activated transcription factor-α (PPAR-α) 
controlling lipid metabolizing enzymes, as well as from direct damage of mitochon-
dria and endoplasmic reticulum [ 87 ,  88 ]. Oxidative stress might contribute to the 
pathogenesis of alcoholic steatosis through actions on transcription factors regulating 
lipid metabolism, mitochondrial injury, and endoplasmic reticulum stress. 

 Mitochondrial β-oxidation of fatty acids represents a key pathway in hepatic 
lipid metabolism. During chronic alcohol intake, an important cause of steatosis 
relays on the lowering in fatty acid oxidation due the impairment of mitochondrial 
functions as consequence of oxidative stress-mediated mtDNA mutations or oxida-
tion of mitochondrial proteins [ 42 ,  89 ]. The prevalence of mtDNA deletions is 
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particularly high in alcoholics with microvesicular steatosis (about 85 % of the 
cases), indicating that the loss of mitochondrial respiratory capacity may represent 
the main cause of this lesion [ 90 ]. 

 Hepatocyte endoplasmic reticulum (ER) is the site of protein folding, lipid and 
sterol synthesis, and intracellular calcium storage. The perturbation of ER functions 
activates several sensor proteins that trigger a signal network collectively termed the 
unfolded protein response (UPR) [ 91 ]. UPR counteracts ER alterations by reducing 
protein synthesis and promoting protein re-folding and/or degradation. Furthermore, 
ER stress stimulates the transcription of cytoprotective genes under the control of 
Nfr2 transcription factor and activates autophagy [ 91 ]. Increasing evidence indi-
cates that alcohol causes ER stress in the liver. Oxidative stress is implicated in this 
process, as sulphydril redox unbalance in the ER, CYP2E1-mediated ROS produc-
tion, and protein alkylation by lipid peroxidation products cause protein unfolding 
[ 92 ]. In particular, 4-HNE binding to heat shock proteins 70 and 90, protein sul-
phide isomerase, and the fatty acid-binding protein L-FABP have been recently 
detected in the liver of alcohol-fed rodents [ 93 ]. Moreover, ethanol can also contribute 
to hepatic ER stress by affecting protein degradation by the ubiquitin- proteasome 
system and autophagy [ 94 ,  95 ]. On its turn, ER stress is a stimulus for the proteo-
lytical cleavage of SREBP-1 that translocates to the nucleus inducing the expression 
of genes encoding for enzymes involved in fatty acid synthesis, namely fatty acid 
synthetase, acyl-CoA carboxylase, and ATP citrate lysase [ 87 ,  89 ]. An increased 
SREBP-1 activation is evident in mice receiving an ethanol-containing diet, while 
SREBP-1 knockout mice are protected against ethanol-induced steatosis [ 87 ]. 
Consistently, betaine supplementation of alcohol-fed mice prevents ER stress, 
SREBP-1 activation, and fatty liver [ 96 ]. These observations suggest that alcohol- 
induced ER may stimulate intrahepatic lipid accumulation by triggering SREBP-1- 
dependent lipogenetic enzymes. In addition, ethanol interferes with PPAR-α action 
[ 87 ,  89 ] and oxidative stress mediated by CYP2E1 induction has been proposed to 
contribute to this effect [ 97 ]. PPAR-α regulates several genes responsible for the 
mitochondrial transport of fatty acids and both mitochondrial and peroxisomal fatty 
acid oxidation [ 89 ], making its down-modulation an important contributor in the 
development of alcoholic steatosis.  

10.5.2     Lobular Infl ammation 

 The transition from steatosis to steato-hepatitis is characterized by the appearance 
of mixed lobular infl ammation featuring scattered infi ltration by polymorphonu-
clear leucocytes and mononucleated cells [ 4 ,  88 ]. The persistence of mild-moderate 
parenchymal injury and infl ammation is now recognized to be the main factor in the 
progression of ALD to cirrhosis. Furthermore, extensive lobular infl ammation 
characterizes alcoholic steatohepatitis and contributes to impair liver functions 
[ 4 ,  88 ]. As previously discussed, infl ammatory cell activation represents a relevant 
source of ROS and NO, leading to oxidative and nitrosative injury in ALD. In its 
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turn, oxidative stress signifi cantly contributes to the mechanisms that promote 
hepatic infl ammation during alcohol abuse. In fact, growing evidence indicates that 
oxidized lipids and the adducts between proteins and end products of lipid peroxi-
dation can act as damage-associated molecular patterns (DAMPs), promoting the 
activation of infl ammatory cells through the interaction with soluble and cell-asso-
ciated pattern recognition receptors such as Toll-like receptors 2 and 4 (TLR-2, 
TLR-4) and lectin-like oxidized LDL receptor-1 (LOX-1) [ 98 ,  99 ]. Recent studies 
have also implicated oxidative mechanisms in infl ammasome activation, as intracel-
lular ROS formation stimulates Nod-like receptor protein 3 (NLPR3) to trigger 
caspase-1- mediated release of interleukins (IL-1β and IL-18) [ 100 ]. Interestingly, 
caspase-1- dependent release of IL-1β has been recently shown to be required for the 
onset of hepatic infl ammation in alcohol-treated mice, while the supplementation 
with IL-1β receptor antagonist ameliorated ethanol hepatotoxicity [ 101 ]. 
Furthermore, ethanol- triggered redox signals in liver macrophages amplify pro-
infl ammatory responses by modulating TLR-4 transduction pathway, ERK1/2 and 
p38 MAPK kinase signal cascades and TNF-α transcriptional control [ 102 ]. 

 An increased translocation of bacterial lipopolysaccarides (LPS) to the portal 
circulation is presently recognized as an important cause for hepatic infl ammation 
during chronic alcohol intake [ 88 ,  103 ]. In chronic alcohol-fed rats as well as in 
ALD patients, plasma LPS content increases several fold over physiological levels 
and correlates with the circulating TNF-α levels and the severity of alcoholic hepa-
titis [ 103 ]. Interestingly, CYP2E1-mediated oxidative stress in the gut and increased 
intestinal NO production have been shown to enhance the permeability of enteral 
mucosa to LPS in chronic alcohol-treated rats [ 104 ,  105 ], while prevention of oxi-
dative damage ameliorates endotoxemia associated with ethanol intake [ 105 ,  106 ]. 

 It is increasingly evident that, beside the effect on innate immunity, oxidative 
stress induces adaptive immune responses [ 107 ]. In fact, oxidized phospholipids 
and proteins modifi ed by lipid peroxidation are recognized as important antigens in 
autoimmune disease and in atherosclerosis [ 108 ,  109 ]. In line with these observa-
tions, we have reported that advanced ALD is characterized by the detection of 
elevated titres of circulating antibodies recognizing epitopes derived from protein 
modifi cation by malonyldialdehyde (MDA), 4-hydroxynonenal (4-HNE), and lipid 
hydroperoxides [ 107 ] as well as by malonyldialdehyde-acetaldehyde (MAA) con-
densation products [ 110 ]. In about 35 % of the ALD patients, the presence of these 
antibodies is also associated with the detection of CD4 +  T-lymphocytes recognizing 
malonyldialdehyde-derived antigens, indicating that oxidative stress promotes both 
humoral and cellular immune responses [ 111 ]. Finally, patients with alcoholic hepa-
titis or cirrhosis often have high titers of anti-phospholipid antibodies targeting oxi-
dized phospholipids, namely oxidized cardiolipin and phosphatidylserine [ 112 ]. 
This latter observation is consistent with a recent report demonstrating increased 
levels of oxidized phospholipids in the plasma of alcohol-fed mice and patients with 
alcoholic hepatitis [ 28 ]. These clinical observations are supported by data generated 
in enteral alcohol-fed rats in which the development of lipid peroxidation-derived 
antibodies is associated with a sustained increase of TNF-α and IL-12 and histologi-
cal evidence of necro-infl ammation [ 113 ]. In these animals the supplementation 
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with the antioxidant N-acetylcysteine ameliorates oxidative stress, hepatic infl am-
mation, and the immune response triggered by lipid peroxidation [ 36 ]. Consistently, 
heavy drinkers with elevated titers of IgG targeting lipid peroxidation-induced 
antigens have a fi vefold higher prevalence of elevated plasma TNF-α levels than the 
subjects with these antibodies within the control range irrespective of alcohol intake 
[ 114 ]. The risk of advanced ALD also increases by 11-fold in the heavy drinkers 
with the combination of high TNF-α and lipid peroxidation-induced antibodies as 
compared to the subjects with high TNF-α, but no immune responses [ 114 ]. 
Furthermore, the combination of steatosis and high titers of antibodies against lipid 
peroxidation-derived adducts is an independent predictor of advanced fi brosis/cir-
rhosis in alcohol-consuming patients with chronic hepatitis C [ 115 ]. Interestingly, 
antibodies towards oxidative stress-derived antigens are also a risk factor for severe 
lobular infl ammation and fi brosis in both children and adults with non-alcoholic 
steatohepatitis (NASH) [ 116 ,  117 ]. In this latter respect, using an experimental 
model of NASH, it has been possible to show that liver injury and lobular infl amma-
tion parallel with the development of IgG against MDA- and 4-HNE-derived anti-
gens and the hepatic recruitment of CD4 +  and CD8 +  T-lymphocytes responsive to 
the same antigens [ 117 ]. In this setting, mice immunization against MDA-adducted 
proteins further stimulates transaminase release and lobular infl ammation and 
increases hepatic macrophage activation by promoting the Th-1 activation of CD4 +  
T-lymphocytes [ 118 ]. These fi ndings are in line with early studies showing that, in 
alcoholic hepatitis and active alcoholic cirrhosis, liver infl ammatory infi ltrates con-
tain CD8 +  and CD4 +  T lymphocytes [ 119 ] and that CD4 +  T-cells respond to T-cell 
receptor stimulation by producing Th-1 cytokines such as interferon-γ (IFN-γ) and 
TNF-α [ 120 ]. More recently, IL-17-producing T helper (Th-17) lymphocytes have 
also been found to increase in hepatic infl ammatory infi ltrates of patients with alco-
holic hepatitis/cirrhosis [ 121 ]. Although still indirect, these evidences suggest that 
the development of humoral and cellular immunity against oxidative stress-derived 
antigens may contribute to hepatic infl ammation during the evolution of ALD. 

 A further contributor to adaptive immunity involves the antibody responses 
against HER-derived antigens. Human anti-HER IgG selectively recognize HER- 
CYP2E1 adducts [ 60 ]. Furthermore, CYP2E1 alkylation by HER favors the break-
ing of the self-tolerance towards CYP2E1, leading to the development of 
anti-CYP2E1 auto-antibodies that are detectable in about 40 % of patients with 
advanced ALD [ 122 ]. Anti-CYP2E1 autoimmune responses are more frequent in 
individuals carrying a genetic polymorphism in the locus coding for the cytotoxic T 
lymphocyte-associated antigen-4 (CTLA-4), a membrane receptor that down- 
modulates T-cell activation [ 122 ]. Thus, the combination of the antigenic stimula-
tion by HER-modifi ed CYP2E1 and an impaired T cell control due to CTLA-4 
mutation act synergically in promoting the development of anti-CYP2E1 auto- 
antibodies. Both allo- and auto-reactivity involving CYP2E1 may contribute to 
alcohol hepatotoxicity, as anti-HER IgG recognize HER-CYP2E1 adducts present 
on the outer layer of the plasma membranes of ethanol-treated hepatocytes and acti-
vate antibody-dependent cell-mediated cytotoxicity [ 60 ]. 
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 The involvement of B- and T-cell responses in ALD is not in contrast with the 
observations concerning the role of innate immunity in alcohol-induced hepatic 
infl ammation. Indeed, the activation of the innate immunity is an important stimulus 
for lymphocyte activation towards oxidative stress-derived antigens. On their turn, 
lymphocyte-derived cyto/chemokine might provide a stimulus for phagocyte 
recruitment and activation maintaining chronic hepatic infl ammation in ALD.  

10.5.3     Hepatocellular Injury 

 Hepatocyte death by either necrosis or apoptosis characterizes parenchymal injury 
in ALD and signifi cantly contributes to the progression of the disease. In particular, 
an increase in hepatocyte apoptosis is associated with the severity of liver injury in 
patients with alcoholic steatohepatitis [ 123 ]. At histology, hepatocyte injury is char-
acterized by cell swelling (ballooning) and by the presence of Mallory’s bodies, 
consisting in intracellular protein aggregates mainly containing cytokeratins (CK) 8 
and 18 [ 5 ]. Serum levels of CK18 and of caspase-cleaved CK18 have been recently 
proposed as specifi c markers of hepatocyte death [ 124 ]. These markers are increased 
in heavy drinkers and prominently in patients with alcoholic hepatitis in whom they 
correlate with the prevalence of Mallory’s bodies, hepatocyte ballooning, and fi bro-
sis [ 124 ]. Several mechanisms account for the cytotoxic action of ethanol. Alcohol- 
induced oxidative damage of mitochondria causes the collapse of mitochondrial 
membrane potential and the onset of mitochondria permeability transition (MPT) 
[ 42 ]. In this contest, the mitochondrial translocation of the pro-apoptotic factor Bax 
favors MTP by complexing the voltage-dependent anion channel, (VDAC) [ 125 ]. 
According to this view, ethanol addition to HepG2 over-expressing human CYP2E1 
collapses mitochondrial membrane potential causing MPT and apoptosis that can be 
prevented by CYP2E1 inhibitors, antioxidants as well as by the over-expression of 
the anti-apoptotic protein Bcl-2 [ 16 ]. Similarly, antioxidants block ethanol-induced 
apoptosis in isolated hepatocytes [ 125 ]. On the other hand, ethanol-fed SOD-1- 
defi cient mice show extensive hepatocellular damage, mitochondrial depolariza-
tion, and increase in MTP [ 126 ]. A further mechanism contributing to alcohol-induced 
hepatocyte apoptosis involves the stimulation ER stress and the subsequent produc-
tion of the pro-apoptotic CHOP protein [ 127 ]. Intracellular accumulation and aggre-
gation of oxidized proteins is also implicated in the formation of Mallory’s bodies 
[ 94 ]. In fact, CYP2E1-expressing HepG2 cells exposed to alcohol form insoluble 
protein aggregates containing CK8 and 18 as a result of oxidative proteasome 
impairment [ 128 ]. 

 A further important factor in hepatocellular damage concerns altered hepatocyte 
responses to infl ammation. As discussed above, ALD is characterized by an 
increased production of pro-infl ammatory cytokines including TNF-α and elevated 
plasma TNF-α levels correlate with the severity and the mortality of alcoholic hepa-
titis [ 88 ]. Experiments using enteral alcohol feed rodents have shown that the treat-
ment with anti-TNF-α antibodies as well as TNF-α receptor 1 (TNF-R1) defi ciency 
protect against liver damage [ 88 ]. At difference of other parenchymal cells, hepato-
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cytes are resistant to the pro-apoptotic action of TNF-α, because TNF-α interaction 
with TNF-R1 stimulates pro-survival responses through the activation of anti- 
apoptotic NF-κB-dependent genes and PI3K/PKB/Akt (protein kinase B)-mediated 
signals [ 129 ]. However, CYP2E1-expressing HepG2 cells or CYP2E1 induction in 
mouse liver sensitize hepatocytes to the cytotoxic action of TNF-α [ 15 ], suggesting 
that alcohol may alter the balance between pro- and anti-apoptotic signals. More 
detailed investigations in hepatocytes from chronically ethanol-fed rats have shown 
that the selective depletion of mtGSH enhances the susceptibility to TNF-α-induced 
killing, without interfering with NF-κB response [ 79 ]. Such an effect involves car-
diolipin oxidation in the mitochondrial membranes that favors Bax-induced MPT 
and cytochrome c release [ 130 ]. Finally, oxidative stress-dependent mechanisms 
can interfere at different levels with the signal network controlling hepatocyte pro- 
survival responses. In fact, ethanol activates the apoptosis signaling kinase-1 (ASK- 
1) by oxidizing its binding proteins thioredoxin [ 131 ], while lipid peroxidation 
products affect hepatocyte ERK1/2, a kinase responsible for transducing anti- 
apoptotic signals [ 132 ]. Furthermore, chronic alcohol treatment inhibits hepatocyte 
AMP-activated protein kinase (AMPK) that is an important regulator of cell 
responses to pro-apoptotic signals consequent to ER stress, oxidative injury, and 
mitochondrial damage [ 133 ]. This latter effect appears to be mediated by the direct 
interaction of AMPK with 4-HNE generated by lipid peroxidation [ 134 ]. Thus, by 
inducing mitochondrial damage, ER stress, and by interfering with hepatocyte pro- 
survival signals, oxidative stress contributes to hepatocyte killing in alcohol-
exposed livers. 

 Beside its hepatotoxic action, oxidative stress is also implicated in causing liver 
cell senescence, a condition characterized by the block of proliferative capacity, 
morphological changes, the expression of senescence-associated (SA) 
ß- galactosidase, the up-regulation of p53-dependent cycline-dependent kinase 
inhibitors p21, p16, and the production of infl ammatory cytokines [ 135 ]. This action 
has been implicated in reducing the regenerative capacity of mature hepatocytes by 
activating p38 MAPK and p21 [ 136 ]. Concomitantly, oxidative damage promotes 
the proliferation and accumulation of hepatic progenitor cells (HPCs) that are the 
precursors of both hepatocytes and biliary duct epithelial cells [ 137 ]. It has been 
observed that in both ethanol-treated mice and patients with severe alcoholic hepa-
titis, the increase in HPCs within liver midzonal and perivenular areas is associated 
with a higher mortality [ 138 ]. Conversely, a recent report has shown that acute alco-
hol intoxication promotes liver regeneration after partial hepatectomy. This apparent 
paradox is due to the induction of aldehyde dehydrogenase 2 (ALDH2) that can 
effectively metabolizes lipid peroxidation-derived aldehydes such as 4-HNE that 
are generated by oxidative injury associated to liver surgical resection [ 139 ]. 

 Altogether these data indicate that in response to chronic ethanol hepatotoxicity, 
HPCs can sustain hepatocyte turnover in an attempt to compensate for the impaired 
proliferation of mature cells. This reaction disturbs the normal parenchymal struc-
ture contributing to hepatic dysfunction associated with the evolution of cirrhosis. It 
is also possible that the expansion of immature cell populations, together with the 
mutagenic effects induced by oxidative stress products [ 25 ], might be important in 
the development of hepatocellular carcinomas in alcoholic cirrhotics.  
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10.5.4     Alcohol-Induced Fibrosis and Cirrhosis 

 Liver cirrhosis represents the terminal stage of ALD and is one of the main causes 
of death among patients with alcohol abuse. Fibrosis develops primarily in the peri-
central areas, where thin bundles of fi brotic tissue surround groups of hepatocytes 
and thicken the space of Disse, in a “chicken wire” fashion [ 4 ]. However, during the 
progression of alcohol liver damage, parenchymal injury along with unresolved 
infl ammation promotes further deposition of collagen-rich extracellular matrix 
(ECM), causing the extension of fi brosis to periportal areas and the formation of 
fi brous septa that encircle islets of hepatic parenchyma, eventually leading to 
micronodular cirrhosis [ 5 ]. As in other chronic liver diseases, alcohol-induced 
fi brosis is the consequence of a wound healing response mediated by hepatic stellate 
cells (HSCs), which under the local infl uence of transforming growth factor β1 
(TGF-β1), platelet-derived growth factor (PDGF), and the chemochine CCL2 
(MCP-1), trans-differentiate into myofi broblast-like cells (HSC/MSs) producing 
collagen and ECM components [ 140 ]. Furthermore, decreased hepatic matrix 
 degradation due to a reduced production of matrix metalloproteases (MMPs) and/or 
an increased production of matrix metalloprotease inhibitors might also contribute 
to collagen accumulation [ 140 ]. Although hepatic macrophages are responsible for 
the secretion of HSC-activating cyto/chemokines, HSCs themselves can sustain 
through paracrine mechanisms liver wound-healing responses [ 140 ,  141 ]. In this 
contest, ROS and aldehydic end products of lipid peroxidation are well-recognized 
pro- fi brogenic stimuli triggering intracellular signals, leading to myofi broblast tran-
sition [ 54 ,  142 ]. In particular, redox changes activate multiple signal pathways 
involving the kinases INK/AP-1 and Janus kinases 1/2 as well as the transcription 
factors NF-κB and C/EBPß, which promote pro-collagen α1(I) gene expression, 
stimulate HSC proliferation, and enhance HSC migration [ 142 ]. Similarly, NADPH- 
oxidase generation of intracellular ROS in HSC/MFs sustains pro-fi brogenic signals 
in response to PDGF-BB, angiotensin II, and leptin [ 143 ]. In this latter respect, 
microarray analysis has shown that the gene expression of non-phagocitic compo-
nents of NADPH-oxidase (NOX4, DUOX1 and DUOX2) is markedly elevated in 
the livers of patients with alcoholic hepatitis as compared to healthy controls where 
these mRNAs are barely detectable [ 144 ]. From the functional point of view, the 
relevance of oxidative stress-related mechanisms in the development of alcohol-
induced hepatic fi brosis is suggested by several observations. Studies  in vitro  have 
shown that ROS directly triggers collagen synthesis in ethanol-treated HSCs over-
expressing human CYP2E1 [ 145 ] as well as in HSCs isolated from ethanol- fed mice 
livers [ 146 ]. Interestingly, such an effect is also evident when ethanol is added to 
cocultures of HSC and CYP2E1-expressing HepG2 cells [ 147 ], indicating that oxi-
dative stress-derived mediators generated within alcohol-metabolizing hepatocytes 
may diffuse out and signal to neighboring HSC. Consistently,  in vivo  experiments 
reveal that alcohol-induced lipid peroxidation is associated with macrophage pro-
duction of TGF-1ß and precedes the appearance of fi brosis [ 148 ]. Ethanol-stimulated 
TGF-ß1 synthesis is particularly evident in the perivenous regions and is abolished 
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by CYP2E1 inhibition with chlormethiazole [ 149 ]. Furthermore, ethanol-induced 
liver fi brosis is exacerbated by the combined administration of carbonyl iron that 
greatly enhances oxidative stress as well as TGF-ß1 and procollagen-α1 mRNA 
expression in either the whole liver and freshly isolated HSCs [ 75 ]. Animal experi-
ments have also shown that binge whisky administration to rats causes oxidative 
stress, p38 MAP kinase activation, and collagen deposition only in the livers with 
moderate steatosis induced by a choline-defi cient diet [ 150 ]. On the same line, the 
combination of oxidative stress and steatosis is a risk factor for severe fi brosis in 
hepatitis C patients consuming alcohol [ 115 ], suggesting that alcoholic steatosis 
might worsen oxidative stress-dependent mechanisms of fi brogesis. Nonetheless, it 
should be considered that the pathogenesis of alcoholic fi brosis/cirrhosis is com-
plex, and beside oxidative stress, chronic infl ammation, impaired NK cell functions, 
and alterations in adipokine and endocannabinoid secretion might also specifi cally 
contribute to the disease evolution [ 140 ].   

10.6     Conclusions 

 A large body of experimental and clinical data strongly implicates free radical 
formation and oxidative injury in several aspects of alcohol hepatotoxicity such as 
mitochondrial failure, hepatocyte apoptosis, amplifi cation of alcohol- dependent 
pro-infl ammatory signals, stimulation of immune responses, liver cell sensitization 
to the cytotoxic action of TNF-α, and activation of hepatic stellate cells to matrix 
production. Altogether, these observations give a rationale for the possible clinical 
use of antioxidant compounds to reduce the progression of ALD. However, despite 
experimental studies have shown that antioxidants can ameliorate alcohol liver 
injury in rodents [ 3 ,  32 ], the available clinical reports on the use of antioxidants in 
the therapy of human ALD give negative or inconclusive results [ 151 – 154 ]. On the 
same line, meta- analyses concerning the effects of milk thistle and S-adenosyl-L-
methionine in alcoholic hepatitis were rather inconclusive [ 155 ,  156 ]. There are 
several possible explanations for such discrepancies: (1) alcohol-dependent liver 
injury in humans has a complex multifactorial pathogenesis and oxidative stress 
represents one of the factors infl uencing the disease evolution; (2) large inter-indi-
vidual variability might infl uence the actual contribution of oxidative stress-depen-
dent factors; (3) most of the clinical studies were performed in patients with severe 
alcoholic steatohepatitis or cirrhosis in which the lowering of oxidative stress would 
likely minimally modify already advanced hepatic lesions. Furthermore, to our 
knowledge, in none of the studies evaluating antioxidant therapy in ALD the actual 
effects on oxidative damage were monitored. Nonetheless, new hopes on the pos-
sible use of antioxidants in ameliorating hepatic damage in ALD come from recent 
evidences indicating that antioxidant treatments might be effective in improving 
hepatic damage in non-alcoholic steatohepatitis (NASH) [ 154 ,  157 ], which also 
implicate oxidative stress in the disease pathogenesis [ 158 ].   
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Chapter 11
Oxidative Stress in Chronic Viral Hepatitis

Nicole L.B. Corder, Bhargav Koduru, Seung Bum Park,  
Yiyan Wang, and Jinah Choi

11.1  Introduction

11.1.1  Chronic Viral Hepatitis

Chronic viral hepatitis (CVH) is a persistent state of hepatic inflammation lasting 

greater than 6 months that is of viral origin. The primary etiological agents of CVH 

are hepatitis B virus (HBV) and hepatitis C virus (HCV) which, together, are 

responsible for 78 % of hepatocellular carcinoma (HCC) worldwide [1]. An esti-

mated 3.2 million persons in the United States have chronic hepatitis C (CHC), and 

approximately 730,000 have chronic hepatitis B (CHB) [2, 3]. Globally, approxi-

mately 170 million, or 3 % of the world population, are chronically infected with 

HCV, and 378 million people are experiencing CHB [4, 5]. Although significant 

advances have improved the overall survival and quality of life in patients with 

CVH, the incidence of HCC continues to rise [6]. In contrast to HBV, there is no 

vaccine to prevent HCV infection, and CHC develops in approximately 75–85 % of 

those infected with HCV compared to CHB which develops in approximately 25 % 

of those infected with HBV [2, 3]. Disease progression occurs slowly, over several 

decades. Many HCV-and HBV-infected individuals often experience only mild flu- 

like symptoms or are asymptomatic and do not know that they are infected [7, 8]. 

Also, by the time they are diagnosed, many patients have already progressed to an 

advanced disease state, which can complicate the treatment.
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A key pathogenic factor, present in both HCV and HBV infections, is increased 

oxidative stress. In particular, studies indicate that HCV induces oxidative stress by 

multiple mechanisms, which is likely to contribute to the pathogenesis. The aim of 

this chapter is to address the significance of oxidative stress in chronic viral hepati-

tis, with emphasis on HCV. A follow-up discussion on HBV and its interactions 

with oxidative stress can be found in Sect. 11.4. below.

11.1.2  Hepatitis C Virus

11.1.2.1  Prevalence

Hepatitis C virus was originally isolated from the serum of a patient with non-A, 

non-B hepatitis (NANBH). The agent was successfully cloned in 1989 and subse-

quently found to be responsible for 90 % of posttransfusion NANBH in the United 

States [9, 10]. Since its discovery, HCV remains a leading cause of chronic liver 

disease worldwide, with an estimated 170 million persons chronically infected 

globally. Regions with the highest prevalence (>3.5 %) include Central and East 

Asia, North Africa, and the Middle East. The prevalence of HCV in the United 

States is estimated to be 1.6 %, corresponding to 3–4 million individuals [2]. In 

2011, the number of acute HCV cases reported to the Centers for Disease Control 

(CDC) totaled 1,229, representing a 44 % increase over the previous year. This cor-

responds to an increase from 0.3 cases per 100,000 in 2010 to 0.4 cases per 100,000 

in 2011 within the United States. A total of 185,979 cases of CHC were reported to 

the National Notifiable Diseases Surveillance System (NNDSS) by 34 states in 

2011. Furthermore, among viral hepatitis A, B, and C, hepatitis C accounted for the 

highest proportion of deaths in 2011, and an increase in mortality rate was observed 

from 4.4 deaths per 100,000 in 2006 to 4.7 deaths per 100,000 in 2010 in the United 

States. Despite the recent statistics pointing to an increase in HCV prevalence, it is 

still estimated that approximately 50 % of chronic HCV infections remain undiag-

nosed and unreported in the United States [11 -

lence of HCV is highest in Africa, Asia, and Eastern Europe, ranging from 

approximately 2.0–2.9 % [12]. It is also estimated that there are between 3 and 4 

million new cases of HCV every year globally [13].

11.1.2.2  Transmission

HCV is a blood-borne pathogen and is spread through contact with contaminated 

blood or blood products. Several risk factors have been identified in the transmis-

sion of HCV from person to person. The first risk factor involves receipt of contami-

nated tissues, organs, blood, and/or blood products. Before the implementation of 

routine screening of donor blood in the early 1990s, receipt of contaminated blood 

products during blood transfusion and/or organ transplantation served as a 

N.L.B. Corder et al.



243

significant source of infection. Although healthcare-associated contraction of HCV 

still exists, the frequency is minimal; eight confirmed cases of healthcare-related 

 exposure to HCV were investigated by the CDC in 2011. The second risk factor is 

exposure to the virus through shared and repeated needle sticks/punctures during 

injection drug use or body modification. The third risk factor involves close contact 

that is primarily sexual, but can include nonsexual, with individuals who have hepa-

titis C or are at risk of contracting the virus. Several subpopulations that have been 

identified as “at risk” groups include current or former injection drug users, indi-

viduals receiving chronic hemodialysis or those who received blood transfusions/

previous HBV or human immunodeficiency virus (HIV) infection, children born to 

HCV-positive mothers, and persons with known exposures, such as health care 

workers and blood or organ recipients from which the donor later tested positive.

11.1.2.3  Diseases and Therapy

Infection with hepatitis C virus induces a state of hepatic inflammation that can be 

characterized by two phases: acute infection and chronic infection. As previously 

mentioned, the chronic phase involves all intra- and extrahepatic manifestations 

occurring after the initial 6 months of infection, or the acute phase. Despite this 

simplification, physiological events that lead to the various disease states associated 

with HCV infection are complex. Acute hepatitis, the initial phase of the illness, is 

characterized by a mild, and often asymptomatic, illness. Symptoms of acute infec-

tion, which typically develops in 20–30 % of patients, are nonspecific and can 

include mild fever, fatigue, muscle aches, loss of appetite, nausea/vomiting, joint 

pain, dark urine, or jaundice. Similarly, chronic hepatitis often presents as an asymp-

tomatic illness, but underlying liver injury is common and occurs in a progressive 

manner. The typical cascade of progressive liver damage begins with chronic 

inflammation of the liver leading to fibrosis and the development of cirrhosis, fol-

lowed by HCC. About 20–30 % of chronic hepatitis C patients develop cirrhosis in 

20–30 years, and 4–7 % of these individuals progress to HCC and end-stage liver 

disease each year [8]. Reports indicate that from 2000 to 2005, the incidence rates 

of HCC significantly increased in Hispanic, black, and white middle-aged men and 

1-year survival rates remain below 50 % in the United States [14]. The presence of 

HCV infection has also been associated with an increased risk of extrahepatic mani-

festations. For example, HCV infection has been correlated with a higher incidence 

of diabetes mellitus, glomerulonephritis, essential mixed cryoglobulinemia, por-

phyria cutanea tarda, and Non-Hodgkin’s lymphoma [15, 16]. Of these manifesta-

tions, diabetes mellitus is three times more likely to occur with HCV infection [17].

pegylated interferon (peg-IFN) and ribavirin. The factors that dictate whether a 

patient will achieve sustained virological response (SVR), defined as having an 

undetectable HCV RNA level 24 weeks after the end of treatment, are complex and 

include viral genotype, presence of coinfection with HIV or HBV, host-genetic 

11 Oxidative Stress in Chronic Viral Hepatitis



244

 factors, and consumption of alcohol. Typically, 76–80 % of patients infected with 

HCV genotype 2 or 3 achieve SVR with standard IFN-based therapy, compared to 

42–46 % of those with genotype 1 [18]. Genotype 1 is the most prevalent genotype 

in North America and Europe, accounting for approximately 70 % of cases in the 

United States [18].

Direct acting antiviral (DAA) therapies, developed within the last decade, have 

certainly enhanced treatment outcomes in CHC patients. Common viral targets of 

DAAs include nonstructural (NS) 3/4A protease, NS5A, and HCV RNA-dependent 

RNA polymerase (RdRp), and DAAs provide patients with promising alternatives 

in the treatment of HCV infection. For example, 61 % of treatment-naïve subjects 

administered telaprevir, a protease inhibitor, for 12 weeks and peg-IFN/ribavirin 

regimen for 48 weeks achieved SVR, compared to 41 % treated with 12 weeks of 

placebo and 48 weeks of peg-IFN/ribavirin [19]. A nucleotide polymerase inhibitor, 

sofosbuvir, was recently approved by the FDA for use in conjunction with IFN, and 

as an IFN-free treatment option [20]. A clinical phase III trial in which treatment-

naïve participants with genotype 2 or 3 HCV were administered sofosbuvir and 

ribavirin for 12 weeks (n = 256), or 24 weeks of peg-IFN and ribavirin treatment 

(n = 243), resulted in 67 % of participants from both groups achieving SVR at 12 

weeks after discontinuing therapy [21]. Once-daily oral daclatasvir, an inhibitor of 

NS5A, and sofosbuvir was associated with high rates of SVR among patients 

infected with HCV genotype 1, 2, or 3 [18].

11.1.2.4  Viral Genome and Life Cycle

HCV is a single-stranded, positive-sense RNA virus from the genus Hepacivirus of 

the family Flaviviridae. The viral genome is monopartite with a length of 9.6 kb, 

containing coding and noncoding sequences (see Fig. 11.1a). The noncoding 

sequences or untranslated regions (UTR) flank either side of the coding sequence. 

The 5′ UTR forms secondary structures that comprise an internal ribosomal entry 

site (IRES) essential for cap-independent translation of viral RNA. The coding 

sequence codes for both structural and nonstructural proteins. Structural regions 

include, in order of appearance, core that also codes for F protein/Alternative 

Nonstructural regions include, in order of appearance, NS1, NS2, NS3, NS4A, 

NS4B, NS5A, and NS5B. The functions of each structural and nonstructural region 

can be found in Table 11.1.

Hepatitis C virus enters host cells through a complex set of interactions with 

various cellular membrane proteins (see Fig. 11.1b). Initial attachment of free viri-

ons to hepatocytes occurs through association with the cell surface receptors low- 

density lipoprotein receptor (LDLR), glycosaminoglycan (GAG), and heparan 

mediated endocytosis, also requires interaction with the cell surface molecules, 

cluster of differentiation 81 (CD81), scavenger receptor B type 1 (SRB1), claudin 
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Fig. 11.1 Genome and replication cycle of hepatitis C virus. (a) HCV genome is a single-stranded 

(+) sense RNA of approximately 9.6 kb in length. Both the 5′ and 3′ UTRs contain secondary 

structures. HCV RNA contains a single open reading frame encoding for structural and nonstruc-

tural proteins. Translation of HCV RNA produces a single polyprotein sequence cleaved at the 

-

tein sequence (also, see Table 11.1). (b) HCV replication, initiated by receptor-mediated endocy-

tosis, involves release of viral RNA into the cytoplasm, and subsequent translation of viral proteins 

and genome replication. Viral assembly follows whereupon new virions can cause new infection 

by direct transmission to adjacent cells, or through exocytic release and reentry
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(CLN1), and occludin (OCLN) [22]. After endocytosis, acidification of vesicle 

effectively uncoats and releases the viral RNA into the cytoplasm.

Translation of viral RNA by host cell machinery is initiated in a cap-independent 

and an IRES-dependent manner. In addition to the IRES, several viral proteins are 

involved in the translation of viral RNA. Translation of viral RNA occurs in vesicu-

lar structures known as membranous webs that are derived from the endoplasmic 

reticulum (ER) [23]. Briefly, the 40S ribosomal subunit first associates directly with 

the IRES site forming a complex near the start codon [24]. Next, a 48S-like ribo-

somal initiation complex is formed by the adjoining eukaryotic initiation factors 

(eIF) 3 and eIF2, along with a methionine initiator tRNA (Met-tRNAi) and associ-

25]. The structural conformation of the IRES and the 48S-like complex 

allows dissociation of phosphorylated eIF2 upon initiation of translation [26].

Table 11.1 Hepatitis C virus structural and nonstructural proteins

Common 

name

Alternate designation and 

structural considerations

Structural proteins

Core p22 Nucleocapsid formation, pro- and antiapoptotic 

functions, induces lipid droplet formation 

important for viral assembly and release; 

oxidative stress; pathogenesis

21 kDa (mature form)

23 kDa (immature form)

−2/+1 frameshift protein Not clear as of yet; may play a role in modulating 

the host cell immune response, regulation of iron 

metabolism, and/or apoptosis

E1 gp35 Envelope glycoprotein 1, possibly acts as a 

fusion domain

E2 gp70 Envelope glycoprotein 2, receptor binding, 

possibly acts as a fusion domain

Nonstructural proteins

NS1 p7 Integral membrane protein belonging to the 

viroporin family making up a calcium ion channel

NS2 p23 Transmembrane protein responsible for ER 

membrane association; autoprotease that cleaves 

the NS2-3 zinc-dependent metalloprotease from 

the C terminus of NS2 and the N terminus of NS3

NS3 p70 Serine protease (NS3/4A protease) and helicase/

the viral lifecycle, suppression of host immune 

response, and pathogenesis

NS4A p8 Cofactor of NS3/4A proteinase; pathogenesis

NS4B p27 Induces formation of the membranous web by 

rearrangement of the ER, acts as an anchor for 

the replication complex; pathogenesis

NS5A p56/58 Formation of replication complexes for genome 

replication; regulation of replication cycle; zinc 

metalloprotein; ER stress; pathogenesis
56 kDa (hypophosphorylated)

58 kDa (hyperphosphorylated)

NS5B p68 RNA-dependent RNA polymerase (RdRp)
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Translation occurs in the canonical 5′–3′ direction to produce a single long poly-

protein sequence of approximately 3,000 amino acids that will undergo co- and 

posttranslational processing by host and viral proteases. Nine clearly defined pro-

teolytic cleavage sites are located within the polyprotein sequence, generating at 

least ten non-overlapping proteins. Structural proteins are cleaved by host cellular 

-

teases NS2-3 and NS3-4A (see Fig. 11.1a). Upon cleavage of the various viral pro-

teins, replication of viral RNA occurs through the generation of a negative-sense 

RNA that serves as a template for mass production of positive-sense genomic RNA 

by viral RdRp. Newly formed positive-sense RNA may be translated into viral pro-

teins or encapsidated by core protein during the assembly of virions.

The complete roles of individual viral proteins are still under investigation, but 

some of the main events that facilitate assembly and packaging of new virions 

include trafficking of envelope glycoproteins 1 and 2 to the lumen of the ER where 

they assemble into heterodimers. Core protein becomes associated with  cytoplasmic 

Then, interactions between the ER transmembrane protein NS1 (p7), cytosolic NS2, 

and NS3/4A in the cytoplasm facilitates the recruitment of core. During this pro-

cess, viral RNA generated in the membranous web associates with core protein that 

together migrate across the cytoplasmic space and bud into the lumen of the ER. The 

action of budding into the ER lumen is, in part, mediated by the interaction between 

core protein and envelope glycoproteins.

The process of viral maturation and exit appears to follow the pathway of very 

low-density lipoprotein (VLDL) secretion, which is believed to occur through a 

series of budding and fission events involving the endosomal sorting complex 

required for transport (ESCRT) [27

occurs as virions transport through the Golgi apparatus preparing the proteins for 

subsequent pH-dependent uncoating of virions in a newly infected cell. Viral p7 

protein acts as an ion channel stabilizing the pH during maturation [28–31]. Finally, 

virions bud out through the plasma membrane.

11.1.2.5  In Vitro and In Vivo HCV Models

HCV shows a narrow host range of infectivity toward humans and chimpanzees. 

Chimpanzees have 98 % genetic identity to humans, and until the development of 

infectious cell culture systems, chimpanzees served as an important model for 

studying the HCV replication cycle, pathogenesis, and therapy [32]. HCV infection 

in chimpanzees can be initiated by inoculation of clinical isolates, cell culture- 

generated virus, or intrahepatic injection of in vitro transcribed HCV RNA [33–35]. 

Nevertheless, this model has several drawbacks such as high cost, ethical issues, and 

genetic heterogeneity. In addition, HCV-induced pathogenesis is milder in chim-

panzees than in humans, and severe liver diseases such as fibrosis, cirrhosis, and 

hepatocellular carcinoma are rarely seen in chimpanzees [33]. Other nonhuman pri-

mate models appear to be resistant to HCV infection, which may be ascribed, at 
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least in part, to resistance to NS3/4A protease-mediated proteolytic cleavage of 

-

tein [36]. Several approaches have been used to develop in vitro replication models 

for HCV in order to study its viral life cycle and develop antiviral drugs.

Subgenomic replicon consisted of HCV genotype 1b NS2-3′UTR/NS3-3′UTR 

and a neomycin phosphotransferase gene under two different IRES sequences of 

encephalomyocarditis virus (EMCV) and HCV, respectively. This system show 

autonomous and persistent HCV RNA replication after transfection of in vitro- 

transcribed viral RNA and selection using neomycin phosphate (G418) [37, 38]. 

In addition to a genotype 1b system, genotype 1a, 2a systems and different full-

length replicon RNAs were also developed [38–41]. Although the subgenomic and 

full- length replicon systems provided valuable knowledge about HCV replication 

in the cell, these systems were not effective to study the impact of complete HCV 

replication in cell culture.

HCV genotype 2a sequence, led to the development of a complete HCV replication 

system. Transfection of human hepatoma (Huh-7) cells with in vitro transcribed 

-

tious virus particles [32, 42]. Heller et al., on the other hand, developed a ribozyme- 

based HCV replication system that was infectious in vivo [43]. Recently, a genotype 

1a (H77S virus) replication system was developed [44]. The H77S RNA, rendered 

after five cell culture-adaptive mutations, is capable of producing moderate levels of 

cell culture-infectious virus. Together, these systems have provided the opportunity 

to study the life cycle of HCV and develop various antiviral drugs. Although several 

infectious HCV replication models were developed, development of additional rep-

lication models is still under investigation.

In addition, several different approaches have been used to develop small animal 

models to study HCV using mice, despite lack of natural infection of mice. For 

example, human entry factors (CD81, SCARB1, CLDN1, and OCLN) have been 

introduced into mice to facilitate HCV entry [45]. This murine model exhibits com-

plete host immunity and can be infected with HCV, and cytokine responses to HCV 

could be observed. However, the innate immune response may be stronger in the 

murine model, which may not support high levels of viral replication; protein kinase 

HCV replication in mouse embryonic fibroblasts or in mice [46–48

animal models develop liver fibrosis or HCC has not yet been shown.

Another method involves xenotransplantation of human cells or human liver 

tissues into the livers of immunocompromised mice, with or without introducing 

the human immune system. This model utilizes the proliferative and regenerative 

capabilities of hepatocytes in response to liver injury to “humanize” the mouse 

liver. An example of the employment of this technique is to engraft human hepato-

cytes into a severe combined immunodeficient (SCID) mouse expressing a uroki-

induce liver injury and allow the human hepatocytes to proliferate. This mouse 
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26]. A recent 

study further described a dual humanized mouse model in which human hepato-

cytes and CD34+ hematopoietic stem cells were introduced into AFC8 mice; and 

successful establishment of human hepatocytes and various immune cells was 

achieved [49]. This model does not contain a complete human immune system but 

supported HCV infection in the liver and generated a human T-cell response against 

HCV. Furthermore, HCV infection in this model produced liver inflammation, hep-

atitis, and fibrosis [49].

An additional approach for developing a mouse model utilizes the high capacity 

of HCV to mutate. For example, with a few adaptive mutations, HCV may gain the 

ability to enter murine hepatocytes. One recent study showed that adaptive muta-

tions in E1 and E2 proteins conferred HCV the ability to enter mouse cells, but 

whether these HCV can infect mouse hepatocytes in vivo remains to be tested [50]. 

Another method that has been commonly used in various pathogenesis studies, 

despite the apparent drawback that these animals do not generate infectious HCV or 

can be infected with HCV, are HCV transgenic mice. These animals generally har-

bor either full-length or partial HCV coding sequence under the control of murine 

albumin or other promoters and enhancers. Such transgenic mouse models have 

been shown to develop steatosis and hepatic tumors including HCC. Lastly, there is 

some evidence that tree shrews, or tupaias, are susceptible to HCV infection and can 

support viral entry into hepatocytes [51]. The advantage of this model is that tree 

shrews develop severe liver diseases such as steatosis, fibrosis, and cirrhosis [52]. 

However, limited availability and difficulty of genetic manipulation remain  barriers 

to this model.

11.2  HCV Increases Oxidative Stress

Oxidative stress is a state of imbalance between the production and dismutation, or 

detoxification, of reactive oxygen species (ROS) by cellular mechanisms that can 

disrupt normal cell functions or cause cell damage. An important distinction should 

be made between the beneficial and detrimental effects of ROS. For example, while 

ROS are frequently associated with toxicity, ROS are essential in the phagocytic 

-

somes [53]. In addition, ROS can regulate a variety of  cellular processes through 

redox signaling [54, 55].

Several hepatocyte and nonhepatocyte sources of oxidative stress have been 

identified in HCV infection (see Fig. 11.2). Both irreversible reactions culminating 

in cell damage and more subtle modifications of cellular factors by ROS are likely 

to contribute to HCV-associated liver disease, which are discussed in Sect. 11.3.. In 

this section, the primary mechanisms of oxidative stress in CHC, including iron 

proteins, and inducible nitric oxide synthase (iNOS), are discussed.
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11.2.1  Iron Overload

Hepatocytes and liver macrophages act as a substantial reservoir of iron, where 

approximately 20–30 % remains bound to ferritin and hemosiderin [56]. The role of 

iron in both the induction and propagation of oxidative stress is due, in part, to its 

oxidation and reduction properties. Ferrous iron (Fe2+) can become oxidized by 

hydrogen peroxide, producing the ferric form (Fe3+) and hydroxyl radical (HO ). 

This reaction, known as the Fenton reaction, is shown below in (11.1).

 
Fe H O H Fe HO H O2

2 2
3

2
+ + ++ + ® + +

 
(11.1)

Fig. 11.2 Sources and signaling pathways of oxidative stress with hepatitis C virus infection. 

Sources of superoxide (O2 ) and/or hydrogen peroxide (H2O2) with HCV include mitochondrial 

signaling by HCV induces nitric oxide (NO ) that can induce redox signaling, or react with O2  

forming peroxynitrite (ONOO−) causing cell damage. Increased ferrous iron (Fe2+) reacts with 

H2O2 to produce hydroxyl radical (HO ) that can induce cellular damage. Alterations in redox 

signaling would also result from H2O2 production observed with HCV. Detoxification of H2O2 by 

inhibition of catalase activity may contribute to decreases in antioxidant defense
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Hydroxyl radical is highly reactive and reacts with whatever molecule is next to its 

site of generation. Thus, iron, in the presence of elevated ROS, can lead to lipid, 

protein, and DNA damage. It has been reported that patients with CHC exhibit ele-

vated iron accumulation and decreased expression of hepcidin, a negative regulator 

of iron absorption [57]. Iron depletion therapy reduced oxidative damage in CHC 

patients [58–61]. Furthermore, IFN was shown to decrease accumulation of 

4-hydroxy-2-nonenal (HNE) protein adduct, a marker for lipid peroxidation, and 

iron deposits in responders [62].

11.2.2  Mitochondrial ROS

HCV also increases ROS generation. Increased levels of superoxide and/or H2O2 

have been demonstrated in hepatocytes expressing HCV genes or full-length HCV 

that produces infectious virions in cell culture, and in hepatitis C patient liver [34, 

63–68]. HCV infection has been associated with significant mitochondrial abnor-

malities, and the mitochondrial electron transport chain was identified as a key 

source of ROS in various HCV protein-expressing cells [69–71]. It has been reported 

that HCV core protein decreased complex I (NADH-ubiquinone reductase) activity, 

increased production of superoxide, and decreased mitochondrial glutathione 

72]. HCV increased the sensitivity to mito-

chondrial ROS generation occurring at Complex I and membrane permeability tran-
2+ uptake by mitochondrial Ca2+ uniporters [63, 71]. 

Ca2+ loading can elevate mitochondrial ROS production in hepatocytes [73]. HCV 

core also decreased the levels of prohibitin, a mitochondrial protein chaperone, as 

well as cytochrome c oxidase activity that may further contribute to mitochondrial 

dysfunction [74]. Furthermore, NS4A co-localized with the mitochondria causing 

alterations in mitochondrial transmembrane potential and release of cytochrome c 

into the cytoplasm [75].

11.2.3  Nox2 of Phagocytes and Nox1 and 4 of Hepatocytes

Nox family enzymes consist of Nox and Dual oxidase (Duox) proteins (Nox1 

O2 to generate superoxide and H2O2 [76]. Unlike many other sources of ROS, such 

as mitochondria that produce ROS as a byproduct of aerobic metabolism, the pri-

mary function of Nox/Duox proteins is superoxide and H2O2 generation.

Nox enzymes perform diverse physiological roles, ranging from thyroid 

 hormone synthesis, maintenance of equilibrioception, signaling in the vascular sys-

tem, and antimicrobial processes of the immune system. Nox2, also referred to as 
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gp91phox

in response to pathogens, transmembrane Nox2 coupled with its catalytic subunit 

p22phox, associate with several activating cytosolic factors, p67phox, p40phox, p47phox, 

and Rac. Upon their association, large quantities of oxygen are reduced to generate 

superoxide anion (O2 ). The significance of Nox2 in innate immune function is 

evident in patients with chronic granulomatous disease (CGD), in which mutations 

in one or more of the catalytic subunits of Nox2, or its cytosolic factors, produce an 

insufficient respiratory burst resulting in aberrant inflammation and increased sus-

ceptibility to infections [77].

Evidence points to the activation of Nox2 in phagocytes and monocytes with 

HCV infection. Specifically, the NS3 protease was shown to activate phagocytic 

[78, 79]. In addition, extracellular secreted core protein of HCV was shown to 

induce STAT3 activation in an IL-6 autocrine-dependent manner. As STAT3 is an 

activator of the p47phox cytosolic factor of Nox2, authors report that induction of 

myeloid-derived suppressor cells by HCV core protein may suppress T cells in an 

ROS-dependent manner via Nox2 [80, 81].

In addition, hepatocytes express Nox isoforms. Both Nox1 and 4 are transmem-

brane proteins that remain bound to the p22phox catalytic subunit. Similar to Nox2, 

Nox1 produces ROS when activated by the association of the cytosolic subunits 

NoxO1, NoxA1, and Rac. Like other Nox enzymes, Nox4 is composed of six pre-

dicted transmembrane domains and an intracellular carboxyl-terminal region, which 

82]. Truncated Nox4 proteins without 

show negative effects on the endogenous Nox4 activity [83]. Furthermore, the Nox4 

intracellular B-loop, located between transmembrane domains 2 and 3, is essential 

for the enzyme activity, and the intracellular D-loop is necessary for the structural 

interaction between Nox4 and the p22phox subunit [82]. To date, five alternatively 

spliced isoforms of Nox4 have been reported [84]. Compared to full-length Nox4 

derived stop codon after transmembrane domain 5; variant D (32 kDa) contains 

-

ingly, variant E (28 kDa) is similar to variant D, but is missing the first 

84]. Nox4 localizes in the ER, mitochondria, plasma 

membrane, and nucleus in various cells which may be isoform-dependent [65, 85]. 

In hepatocytes, Nox4 was shown to contribute significantly to nuclear superoxide 

production [66, 86]. Recently, Anilkumar et al. observed a functional 28 kDa splice 

variant of Nox4 within the nucleus and nucleolus of vascular cells that was able to 

85].

Furthermore, HCV has been shown to elevate superoxide and hydrogen peroxide 

production via an upregulation of Nox1 and Nox4 protein expression in hepato-

cytes, in addition to nuclear and/or perinuclear localization [66]. Dominant negative 

Nox4 and Nox4 knockdown significantly decreased the HCV-associated ROS pro-

duction in hepatocytes [65, 66]. Increases in p22phox, p67phox, NOXA1, and NOXA2 

mRNAs could also be found [66]. In addition, Nox4 and Nox1 protein levels and 
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Nox activity were elevated in HCV-positive human liver [77]. Nox4 elevation by 

HCV and transcriptional activation of Nox4 promoter by HCV core protein were 

shown to be mediated by transforming growth factor beta (TGF-β) [65].

11.2.4  Cytochrome P450 Enzymes

produces ROS as a byproduct. It has been reported that HCV core protein and alco-

87]. Liver tis-

addition to tumor necrosis factor alpha (TNF-α) and collagen 1 [88]. It has also been 

-

ciated with an increased level of c-Myc [89].

11.2.5  iNOS

Hepatocytes upregulate inducible nitric oxide synthase (iNOS, NOS2) in response 

to proinflammatory cytokines, such as TNF-α and interleukin-1β (IL-1β), interferon 

γ (IFN-γ 90]. iNOS catalyzes the synthesis of 

nitric oxide (NO ) by the following reaction (11.2):

 
L citrulline O NADPH H L arginine NO NADP- -

iNOS

+ + + ® + ++ +2
3

2

3

22
 

(11.2)

Nitric oxide is a key mediator of immune and inflammatory responses in a vari-

90, 91]. 

iNOS has been shown to be upregulated in response to CVH, and such elevation 

contributed to the DNA damage observed in HCV-infected cells [92–95]. 

transgenic mice [96]. Additionally, increased levels of nitrotyrosine were found in 

liver biopsies from patients with chronic viral hepatitis, including hepatitis C, that 

co-localized with iNOS [97].

11.2.6  Decreased Antioxidant Defense

Decreases in the body’s ability to counter the effects of ROS through its antioxidant 

defense can increase susceptibility to oxidative stress and promote oxidative dam-

age. Several key antioxidants are decreased in CHC, which include glutathione 

(GSH) and vitamins C and E [98]. GSH is the most abundant non-protein 
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endogenous thiol that is involved in the detoxification of ROOH in a reaction 

-

tathione disulfide (GSSG) (11.3). Subsequent reduction of GSSG back to GSH is 

-

tron donor (11.4).

 
2 22 2 2GSH H O GSSG H O

GSH Px-

+ ® +
 

(11.3)

 
GSSG NADPH H GSH NADP

GSR

+ + ® ++ +2
 

(11.4)

Structural proteins of HCV, specifically core protein, were shown to decrease 

reduced GSH and increase GSSG levels in hepatocytes in vitro. Conversely, hepa-

tocytes expressing nonstructural proteins increased GSH levels [99]. In addition, 

α-2b and 

ribavirin compared to baseline values [100]. It has been reported that HCV causes 

delocalization of small Maf (sMaf) proteins from the nucleus to the viral replication 

complex in the ER, thereby, inhibiting the ability of NF-E2-related factor 2 (Nrf2) 

to activate electrophile response element (EpRE)-dependent gene expression [101]. 

interferes with Nrf2 and the upregulation of antioxidant defense in response to oxi-

dative stress is still unclear [102, 103].

In addition, various ROS scavengers show perturbed levels with HCV infection, 

some of which include superoxide dismutase (SOD), catalase (CAT), and thiore-

and Trx levels compared to healthy patients, suggesting upregulation of antioxidant 

defense in response to oxidative stress [104–106]. In vitro data by Abdalla et al. 

showed upregulation of CAT in hepatocytes expressing NS proteins of HCV [99]. 

In contrast, a recent study conducted in Egypt observed significant decreases in 

CAT, SOD, and zinc in patients with HCC [107].

11.3  Consequences of Oxidative Stress  
in Chronic Hepatitis C

11.3.1  Hepatic Steatosis

Hepatic steatosis, or fatty liver disease, results from the accumulation of lipid drop-

lets in the liver, and is a common histological manifestation found in almost 50 % 

of HCV infected patients [108, 109]. Individuals with genotype 3 HCV exhibited a 

higher incidence of steatosis compared to the other genotypes [110]. Development 

of hepatic fibrosis, cirrhosis, and further progression to HCC is strongly associated 

with the incidence of steatosis in HCV patients [111–113]. Furthermore, the sever-

ity of steatosis has been shown to affect the likelihood of achieving SVR with 
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IFN-based therapy, and the response to therapy also coincided with the resolution of 

fatty liver [36, 114, 115].

HCV affects the host hepatic cellular physiology by multiple mechanisms, lead-

ing to the buildup of lipids, mainly composed of triglyceride and cholesterol ester. 

HCV core expressing cells showed an increased expression of mature sterol regula-

receptor γ γ), which are known to increase the transcription of genes involved 

in hepatic fatty acid synthesis [116

infected patients [117
2+ chelator, and inhibitor of phosphati-

118]. Also, HCV core, NS2, and NS4B proteins 

induced accumulation of lipid droplets in vitro [118–120].

HCV core protein expression was strongly associated with steatosis in vivo, in 

α γ-mediated hepatic steatosis and HCC 

induction by core [121–124]. NS5A protein also triggered steatosis in vivo in 

another study [125]. Microarray analysis of liver biopsy samples from HCV-infected 

chimpanzees showed an induction of various genes involved in lipid metabolism 

and cholesterol/fatty acid biosynthesis [126, 127].

HCV has also been associated with insulin resistance (see Sect. 11.3.4. below) 

[128]. Thus, the combined influence of viral factors and other metabolic factors, 

including insulin resistance and hyperglycemia, may facilitate the development of 

hepatic steatosis in CHC patients. Increased accumulation of polyunsaturated fatty 

acids is often observed in steatosis, which makes the liver more susceptible to per-

oxidation compared to normal liver. Lipid peroxidation products are commonly 

detected in the liver of CHC patients, and the increased hepatic iron reserves 

observed in steatosis, together with polysaturated fatty acids, are likely to induce 

lipid peroxidation in these patients [129, 130].

11.3.2  Hepatic Fibrosis and Cirrhosis

Fibrosis is characterized by an excessive accumulation of extracellular matrix 

(ECM) proteins, including collagen, leading to fibrotic scarring and/or cirrhosis. 

A key source of ECM in the fibrotic liver is perisinusoidal hepatic stellate cells 

(HSC) capable of transforming into proliferative myofibroblasts [131]. Activation 

of HSCs occurs in response to proinflammatory cytokines, ROS, and lipid peroxi-

dation [132–136]. Increased iron levels have also been shown to induce inflam-

matory cytokines and subsequent activation of HSCs leading to fibrosis [137]. 

to the production of type I collagen by HSCs in the liver [135, 136, 138, 139]. In 

CHC, HCV peptides derived from NS5A have been associated with the migration 

79, 140]. Evidence also suggests that 

fibrosis occurs in response to hepatocyte apoptosis [141
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cells and HSCs occurs in response to the release of apoptotic bodies during 

chronic liver injury [142, 143]. HCV increases apoptosis in hepatocytes, and 

apoptosis mediated by elevated Fas, a death ligand, was observed in HCV-infected 

hepatocytes [64, 144–147]. Upregulation of Fas ligand was observed in CHC 

patients [148]. In addition, HSC activation by hepatocyte apoptotic bodies could 

be amplified when the apoptotic bodies contained HCV nonstructural proteins 

[149

and apoptosis may play an important role in HCV-associated liver fibrosis through 

mechanism(s) involving ROS.

TGF-β, a major fibrogenic cytokine, was shown to be involved in hepatocyte 

Nox4 elevation with HCV [66]. TGF-β stimulates type I collagen transcription and 

150]. In 

addition, TGF-β has been shown to increase Nox4 in fibroblasts and HSCs, and to 

activate Nox4 and Nox1/Rac in hepatocytes [135, 151–159]. ROS generated by Nox4 

and mitochondrial electron transport chain in turn mediate many fibrogenic effects of 

TGF-β [135]. TGF-β levels are elevated in CHC patients and in HCV cell culture [65, 

66, 160]. The discovery that HCV induces Nox4 in a TGF-β-dependent manner, 

therefore, is significant and suggests a role of oxidative stress in HCV- associated 

fibrosis. HCV-infected patient liver showed elevated Nox4 expression that correlated 

with the degree of fibrosis [66, 159

such as Nox enzymes, decreased changes in fibrogenic gene expression induced by 

HCV and human immunodeficiency virus in HSCs and hepatoma cells [161]. Indeed, 

recent studies strongly suggest a role of Nox enzymes in hepatic fibrosis. Nox1, 2, 

and 4 were upregulated in activated HSCs, and both Nox1 and 2 were shown to be 

required for fibrosis [133, 162, 163

inhibitor of Nox1 and 4, significantly reduced bile duct ligation- or CCl4-induced 

liver fibrosis in vivo in mice [132, 164]. Supplemental treatment of CHC patients 

with Cu/Zn SOD also resulted in a decrease in TGF-β-mediated liver fibrosis [165].

Other enhancers of fibrosis increased in response to HCV include various growth 

factors, chemokines, and cytokines, such as TNF-α [166]. Elevated levels of TNF-α 

have been documented in CHC patients as well as in vitro and animal models of 

HCV [88, 167]. Nox2-dependent activation of TNF-α-converting enzyme (TACE) 

was recently associated with fibrogenic markers in an experimental model of non-

alcoholic steatohepatitis [168]. Also, TNF-α treatment of hepatocytes increased 

mitochondrial ROS generation at complex I and complex III [169]. Together, this 

evidence points to the role that oxidative stress may play in HCV-associated fibro-

sis, which typically precedes HCC.

11.3.3  Hepatocellular Carcinoma

HCC is a primary malignancy of the hepatocytes, and as mentioned previously, viral 

hepatitis is the major risk factor in the development of liver cancer. Other risk fac-

tors include alcohol abuse, aflatoxin exposure, obesity, and nonalcoholic fatty liver 

disease. The odds ratio for developing HCC is 11.5 in HCV infected patients and it 
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has been estimated that by the year 2020, the incidence of HCC will increase by 

81 % [170, 171]. Various in vivo studies suggest that oxidative stress is a key media-

tor of HCC formation. For example, mice deficient in CuZn SOD exhibited a 

reduced lifespan, and an increased incidence of nodular hyperplasia and HCC, 

while liver-specific knockout of Nrf-1 resulted in spontaneous liver cancer, increased 

ROS, and oxidative damage [172, 173]. Several other studies highlighted the role of 

oxidative stress in HCV-induced HCC: oxidative DNA damage is elevated in CHC, 

and iron depletion therapy reduced inflammation and progression of fibrosis, 

improved alanine aminotransferase (ALT) levels, decreased oxidative damage, and 

reduced the risk of HCC in patients with HCV [58–61, 174]. Furthermore, increased 

hepatic iron elevated 8-hydroxydeoxyguanosine (8-OHdG), liver steatosis, and/or 

HCC formation in HCV polyprotein expressing transgenic mice [175, 176]. In addi-

tion, the tumor rates in HCV core mice could be decreased with butylated hydroxy-

anisole (BHA) treatment [96].

Oxidative DNA damage occurs when oxidants attack bases and the deoxyribosyl 

backbone of DNA, resulting in DNA strand breaks and other DNA modifications 

[177, 178]. The mechanism of DNA damage by nitric oxide can involve base deami-

nation causing G:C to A:T transitions, oxidation of DNA by peroxynitrite (ONOO−), 

and formation of N-nitroso compounds such as nitrosamines and nitrosamides 

[179]. NO-dependent inhibition of DNA damage repair mechanisms have been 

observed with HCV [92, 180, 181]. The HCV-associated DNA damage could also 

be decreased with N-acetylcysteine (NAC) and by decreasing iron, suggesting a role 

of hydroxyl radical in the damage [58, 181]. Together, these findings suggest that 

HCV induces DNA damage through ROS, iron, and nitric oxide-dependent mecha-

nisms. Note that interactions between reactive species (RS) and their target depend 

on chemical reactivity of the RS, rate of RS generation, distance between the source 

and target, and efficiency of their removal by cellular processes [103, 182]. Thus, 

the nuclear location of Nox4 in hepatocytes and HCV-associated increases in 

nuclear Nox4 are likely to further increase the probability of redox-mediated DNA 

damage in CHC [66].

Oxidative DNA damage results in the random mutation of critical cellular 

genes, as well as strand breaks, and is one of the key mechanisms by which ROS 

leads to carcinogenesis. Mutation, or loss, of tumor suppressor genes such as p53 

and/or retinoblastoma (Rb), important cell cycle regulators, is a common feature of 

HCC [183–185]. For example, 8-OHdG is increased in HCC livers where it has 

been shown to induce G:C to T:A transversions frequently observed in cancers 

[186]. Elevated 8-OHdG found in the noncancerous regions of HCC livers at the 

time of hepatectomy correlated with an increased risk of tumor recurrence [187]. 

HCV increased mutations in p53, β-catenin, B-cell lymphoma-6, and immuno-

globulin heavy chain genes in B cells, peripheral blood mononuclear cells, and 

lymphomas [92, 188]. Elimination of 8-OHdG typically occurs by base excision 

repair usually initiated by the DNA glycosylase, 8-oxoguanine glycosylase 

(OGG1). Human OGG1 (hOGG1) polymorphism was associated with some can-

cers and could also predict survival of HCC patients [189, 190]. hOGG1 activity 

can be modulated by thiol modification and has been shown to be inhibited by 

nitric oxide [191]. Interestingly, HCV was found to decrease DNA repair, in part, 
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by decreasing DNA glycosylase activity in a nitric oxide-dependent manner [92, 

180]. As mentioned in Sect. 11.3.1. above, steatosis correlates with an increased 

risk of HCC in HCV- infected individuals, and increased lipid peroxidation can 

result in the formation of DNA adducts [192].

Chronic inflammation associated with HCV also potentially increases ROS pro-

duction by activation of the host immune cells, which would contribute to chronic 

tissue damage and cell proliferation in HCC formation. Various studies also estab-

lish the significant role of Nox2 in chronic inflammation-mediated pathogenesis. 

Mice deficient in p47phox showed significant decrease in inflammation, apoptosis, 

and regenerative DNA synthesis in response to DEN-induced liver damage. DEN 

193]. 

These studies suggest that the superoxide generation by phagocytes during inflam-

mation will exacerbate genotoxic and cytotoxic effects of HCV in hepatocytes that 

may further contribute to tumor initiation and promotion.

Increases in blood oxidative stress markers preceding ALT flare-ups in HCV 

patients support a role of oxidative stress in inflammation and tissue damage [194]. 

TNF-α, a proinflammatory cytokine, is elevated during inflammation and HCV 

infection. TNF-α was shown to upregulate Nox2, Nox4, Nox1, p67phox, p47phox, 

p22phox, and/or Duox2 gene expression in nonhepatocytes, and was attenuated in 

p47phox knockout mice, but whether TNF-α participates in the regulation of hepato-

cyte Nox enzyme expression is still unclear [193, 195–197]. TNF-α also activated 

NF-κB through increased mitochondrial ROS generation, and upregulated hypoxia- 

inducible factor 1 (HIF-1)-mediated FoxMI expression that could be inhibited by 

BHA [169, 198]. FoxMI, a cell cycle regulator vital for hepatocyte survival and 

proliferation, is upregulated in HCC tissues, and its overexpression has been corre-

lated with poor prognosis in HCC patients [199, 200]. Also, FoxMI conditional 

knockout mice did not develop HCC in response to DEN, and primary hepatocytes 

isolated from these mice were unable to proliferate in culture [201]. Another study 

reported that transcriptional inhibition of FoxMI with p19ARF in FoxMI overexpress-

ing transgenic mice reduced hepatic tumor proliferation and angiogenesis while 

inducing apoptosis [202].

Toll-like receptor 4 (TLR4), a pattern recognition receptor activated by endotox-

[203–205]. TLR4 has been shown to increase cell proliferation and survival in 

response to DEN, and gut sterilization reduced the incidence of HCC [206, 207]. 

Alcohol is a key mediator in HCV-associated pathogenesis, and alcohol-induced 

endotoxemia may further contribute to TLR4-mediated pathogenesis [208]. Alcohol 

through Nanog, a progenitor cell marker [209]. Furthermore, the rs4986791 T allele 

of TLR4 was associated with decreased risk of HCC in CHC patients [210

stimulation was shown to upregulate Nox1 transcription in bone marrow-derived 

macrophages [211

was associated with accumulation and nuclear translocation of β-catenin in macro-

phages [212]. TLR4 signaling, which can increase TNF-α levels, required Nox4 in 
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[213–215]. However, the role of Nox enzymes with respect to TLR4- mediated 

pathogenesis in the liver is still not understood. Altogether, the influence of oxidative 

stress in the initiation and development of HCC is a downstream result of the various 

pathogenic mechanisms involved in steatosis, fibrosis, and inflammation.

11.3.4  Extrahepatic Manifestations: Lymphoproliferative 
Disorders, Diabetes

Metabolic syndrome is a global pandemic of the modern world, with a prevalence 

of 25 % in the United States [216]. Metabolic syndrome is defined as an array of 

interrelated metabolic risk factors for diabetes and cardiovascular disease, including 

elevated blood pressure, dysglycemia, increased triglyceride levels, and obesity 

[217]. Type 2 diabetes (T2DM), characterized by insulin resistance, accounts for 

90–95 % of all diabetes cases. According to the third National Health and Nutrition 

Examination Survey (NHANES), among 9,841 patients who were aged 20 years or 

older, 8.4 % had diabetes, and 2.1 % had hepatitis C, with an estimated fourfold 

increase in risk of developing T2DM among HCV-infected patients [218]. In another 

study, 21 % of HCV-infected patients and 12 % of HBV-infected patients were 

found to have diabetes [219, 220].

Studies indicate that HCV-induced insulin resistance is viremia-dependent, 

genotype- specific, and inversely correlated with SVR [219–223]. Downregulation 

of GLUT2 receptors and promotion of gluconeogenesis at the transcriptional level 

can further augment hyperglycemia [224

gluconeogenesis in an HCV NS4A-mediated and FoxO1-dependent manner [224]. 

Chronic inflammation associated with HCV may also induce insulin resistance 

through TNF-α and IL-6 [225, 226]. The resulting hyperglycemia may, in turn, 

affect the insulin signaling cascade in an ROS-dependent manner [227].

Mixed cryoglobulinemia (MC), a B-cell lymphoproliferative disorder is the most 

common HCV-related extrahepatic disorder. HCV has also been associated with 

Non-Hodgkin’s lymphoma [228, 229]. These lymphoproliferative disorders may 

result either from direct infection of B cells with HCV or through antigen stimula-

tion [230]. HCV-mediated oxidative stress has been shown to inhibit DNA repair 

mechanisms in B cells, potentially leading to chromosome instability and the devel-

opment of lymphoma in CHC [180].

11.3.5  Effects on HCV

2O2, GSH depletion, 

lipid peroxidation products, and arsenite were found to decrease the replication 

capacity of HCV replicons and infectious HCV in hepatocytes; the suppression was 
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mediated by elevated cytosolic Ca2+ [231–235]. These findings support a role of 

ROS in innate immunity [236] Alcohol (ethanol), on the other hand, enhanced HCV 

replication through the lipogenic effects of acetaldehyde, acetate, and elevated 

NADH/NAD+; alcohol also enhanced HCV replication through mechanisms involv-

ing miR-122 and decreased cyclin G1, cyclooxygenase-2 (COX2), and the endog-

enous opioid system [237–245].

Furthermore, HCV shows a high level of sequence heterogeneity and exists as a 

mixture of related but distinct genome sequences, or “quasispecies,” that can com-

plicate antiviral therapy [246–249]. RdRp is notoriously error-prone, contributing 

greatly to the sequence variability commonly observed in HCV. Recently, ethanol 

and GSH depletion were found to increase nucleotide and amino acid substitution 

rates of genotype 1b HCV replicon in vitro, suggesting a role of oxidative stress in 

HCV sequence variability; alcohol consumption was also associated with increased 

sequence heterogeneity of HCV in patients [250, 251]. The percentage of sites 

undergoing positive selection increased with ethanol and GSH depletion, increasing 

the detection of NS5A variants that have been associated with antiviral resistance 

[250]. Other amino acid substitutions were also found that may affect the ability of 

HCV to replicate. These findings are consistent with the adverse effects that alcohol 

can have on antiviral therapy, and suggest that ethanol and GSH depletion may 

affect HCV’s ability to replicate during antiviral treatment.

Antioxidants have also been tested for their effects on virological endpoints in 

patients. Interestingly, certain antioxidant strategies could enhance the virological 

outcome of antiviral therapy, whereas others showed either no effect or inconsistent 

benefit; possible explanations are limited bioavailability, efficacy, and nonspecific 

effects of traditional antioxidants [170]. A majority of clinical studies testing the 

effects of antioxidant strategies in the absence of concurrent antiviral therapy, on the 

other hand, reported no significant effect [103].

11.4  Oxidative Stress in Chronic Hepatitis B

11.4.1  HBV-Induced Pathogenesis

Infection with HBV results in acute infection, fulminant hepatitis failure, inactive 

carrier state, and chronic hepatitis, often progressing to liver cirrhosis or HCC [7]. 

worldwide. Of these individuals, 350 million are chronically infected, and from this 

group, it has been projected that 65 million people will die from liver disease due to 

HBV infection [252]. Currently, IFN-α and nucleoside/nucleotide analogues are 

used to reduce the severity of HBV-associated diseases; these antivirals have shown 

limited efficacy [253, 254]. Eight genotypes of HBV have been defined (forms A to 

H) which are distributed across various geographical areas [255].
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HBV is a small, enveloped, partially double-stranded deoxyribonucleic acid 

(DNA) virus with an incomplete double-stranded circular genome of 3.2 kb in 

length. The HBV genome is comprised of four overlapping open reading frames 

(ORFs): the surface (S) ORF that encodes for small, middle, and large envelope 

genome replication and encapsidation, the core (C) ORF encoding nucleocapsid 

proteins hepatitis B core antigen (HBcAg), and hepatitis B e antigen (HBeAg), and 

the X ORF encoding hepatitis B x protein (HBx) which is essential for in vivo rep-

lication [256].

HBV replication is mediated by a hepatocyte-specific receptor [257]. Recent 

known as SLC10A1) as an HBV receptor; ferritin light chain (FTL), and squamous 

cell carcinoma antigen 1 (SCCA1) were also found to serve as co-receptors for 

HBV infection of hepatocytes [258, 259]. After receptor binding, viral entry occurs 

of the Ras family, Rab5 and Rab7, were recently shown to mediate trafficking of 

HBV particles postentry [260]. Capsid accumulation occurs at the nuclear mem-

brane, where interaction with the nuclear pore complex may favor release of the 

HBV genome into the nucleus [261].

Following release of the viral genome, the incomplete double-stranded circular 

viral DNA is converted to a covalently closed circular DNA (cccDNA) by host DNA 

repair proteins. The cccDNA serves as a template for production of viral RNAs 

required for replication and protein synthesis, and its incorporation into the host 

DNA and its long half-life may play a role in persistent infection [262, 263]. Host 

RNA polymerase II mediates transcription of subgenomic (sg) and pregenomic (pg) 

RNAs from the cccDNA. Subsequent export of sg- and pgRNA to the cytoplasm 

initiates translation of viral proteins from sgRNA. Viral polymerase protein and 

pgRNA are subsequently packaged into immature nucleocapsids. Reverse transcrip-

tion of pgRNA into incomplete circular DNA occurs in the nucleocapsid during 

maturation. Mature nucleocapsids containing genomic DNA may be trafficked back 

to the nucleus to further augment cccDNA formation, or be enveloped and excreted 

by budding [264]. Large quantities of viral particles appear in the serum, in two 

forms, during active replication; the complete virion 42 nm in diameter, and a 22 nm 

empty viral envelope containing HBsAg. HBeAg also appears in the serum during 

the highly replicative phase of HBV infection.

HBx sequences with C-terminal deletions and point mutations have been detected 

in CHB and HCC, suggesting that the integrated fragments of subviral DNA could 

play a role in hepatocarcinogenesis [265–267]. The HBx gene product has also been 

shown to affect many cellular genes associated with growth control [268, 269]. 

Furthermore, HBx protein interacts and interferes with various transcription factors 

including Ca2+ -

scription factor (ATF) 3, nuclear factor interleukin-6 (NFIL-6), octamer-binding 

protein (Oct1), and retinoid x receptor (RXR). In addition, interactions between 

DNA repair proteins and HBx have been described, specifically p53 and UV-damaged 

DNA-binding protein (UVDDB) [270].
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Various transgenic mouse models carrying full-length HBV coding sequence, or 

subgenomic HBV coding sequences such as the large, middle, and small surface 

proteins, x protein, or core protein, either under the control of an HBV promoter or 

a host liver-specific albumin promoter, have been studied [271]. Interestingly, only 

the large surface envelope protein and HBx protein were found to be carcinogenic 

[272, 273]. However, HBx-induced carcinogenesis lacked characteristic inflamma-

tion, or cirrhosis observed in clinical HCC progression, and hepatic tumors devel-

oped within 11–15 months, with male mice reaching mortality due to HCC before 

females [272]. Synergistic effects of HBx in combination with the oncogenic effects 

of c-myc shortened the time to tumor development by as much as 4 months in another 

study [274]. Unlike the HBx mouse model, HBsAg expressing mice showed inflam-

mation associated with HCC that was particularly prominent in male mice [275].

Oxidative stress in chronic HBV infection plays a vital role in carcinogenesis, as 

shown in a study where 8-OHdG levels correlated with the initiation and progres-

sion of HCC in transgenic mice with liver-specific expression of HBV large enve-

lope protein [276]. In addition, it has been reported that the accumulation of the 

pre-S mutant HBsAg in the ER may result in oxidative DNA damage that may lead 

to genomic instability and mutagenesis [277]. Disruption of iron metabolism lead-

ing to iron deposition has also been observed in HBV-infected patients and can act 

as a cofactor in HCC initiation and progression [278]. HBx-associated increase in 

oxidative stress was associated with the modulation of iron regulatory protein 1 

-

cytes, resulting in increased iron deposition [279].

Mitochondrial association of HBx has been shown to mediate STAT3 activation 

and further induce NF-κB activation [280]. HBx is known to regulate the Ras- and 

281]. Raf serine/

threonine kinases act downstream of Ras and are involved in carcinogenesis [282]. 

The HBx protein induced mitochondrial translocation of cytoplasmic Raf-1, and 

also formed a protein–protein complex with Raf-1 kinase that may lead to HBV- 

induced carcinogenesis [283]. STAT3 activation and mitochondrial translocation of 

-

ciated with oxidative stress, which may play an important role in HBV-mediated 

pathogenesis in multiple ways. On the other hand, H2O2 treatment decreased HBV 

virion production in cell culture by affecting viral gene transcription, which sup-

ports a role of oxidative stress in antiviral response [284].

11.5  Conclusions

CVH is a global health concern. Accumulating evidence suggests an important role 

of oxidative stress in HCV as well as HBV-associated pathogenesis. For example, 

oxidative stress is a direct consequence of HCV infection of hepatocytes and 

oxidases and mitochondria. Inflammation is also likely to exacerbate oxidative 
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stress and tissue damage which, together with virus- induced oxidative stress in 

hepatocytes, would lead to pathogenesis. These findings suggest that strategies 

designed to target oxidative stress may be beneficial in the treatment of CVH; 

indeed, CHC patients can still progress to liver disease even after achieving SVR, 

suggesting a need for continued development of therapy in addition to a vaccine 

[285–287

host immunity will also need to be evaluated further.
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    Chapter 12   
 Oxidative Stress in Nonalcoholic 
Fatty Liver Disease 

             Montserrat     Marí     ,     Albert     Morales    ,     Anna     Colell    , 
    Carmen     García-Ruiz    , and     José     C.     Fernandez-Checa   

12.1             Nonalcoholic Fatty Liver Disease 

 Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of disease ranging 
from simple fatty liver (hepatic steatosis), with benign prognosis, to a potentially 
progressive form, nonalcoholic steatohepatitis (NASH), which may lead to fi brosis 
and even irreversible cirrhosis. While this spectrum of liver pathology resembles 
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alcohol-induced fatty liver damage, it occurs in individuals who do not abuse alco-
hol. Accumulation of triglycerides (TG) within hepatocytes (that is, hepatic steato-
sis) is the hallmark of NAFLD. This accumulation is strongly associated with obesity 
and the metabolic syndrome [ 93 ,  136 ]. In fact, all features of the metabolic syn-
drome, including obesity, type-2 diabetes, arterial hypertension, and hyperlipidemia 
(in the form of elevated TG levels) are associated with NAFLD/NASH. Similarly to 
these other conditions, NAFLD is becoming epidemic. Not only the presence of 
excess weight and obesity, but also the location of fat storage plays a role in NAFLD 
pathogenesis. Visceral fat stores increase the risk for NAFLD in both obese and non-
obese individuals [ 154 ]. NAFLD is divided into two major subtypes: nonalcoholic 
fatty liver (NAFL, also termed simple steatosis), the nonprogressive form of NAFLD 
that rarely develops into cirrhosis, and NASH, the progressive form of NAFLD that 
can lead to cirrhosis, hepatocellular carcinoma (HCC), and liver- related mortality [ 3 , 
 89 ,  100 ]. NASH, characterized not only by the presence of hepatocellular lipid accu-
mulation (steatosis), but also of ballooning degeneration, along with lobular infl am-
mation and varying degrees of fi brosis [ 166 ], is a potentially serious condition, and 
~10–25 % of patients with NASH might progress to cirrhosis [ 3 ,  100 ]. Cirrhosis can 
result in liver failure, portal hypertension, and HCC and patients with cirrhosis are at 
a high risk for developing cardiovascular disease [ 136 ]. Moreover, although the 
majority of HCC cases occur in the setting of cirrhosis, NAFLD can also progress to 
hepatocellular carcinoma even in the absence of apparent cirrhosis [ 40 ]. 

 However, the general prevalence of NASH is diffi cult to determine, as invasive 
liver biopsy remains the diagnostic gold-standard approach [ 166 ]. NAFLD is usu-
ally clinically silent, and its impact has most likely been underestimated. Symptoms, 
if present, are minimal and nonspecifi c, such as fatigue and right upper quadrant 
discomfort. Most fi ndings on physical examination are also normal. Most patients 
seek care because of an incidental fi nding of elevated aminotransferase levels or 
radiographic studies suggesting the liver is fatty [ 76 ,  123 ]. 

 A review of the epidemiology of NAFLD found that in studies of patients who 
had undergone bariatric surgery (16 individual studies, including 2,956 patients), 
76 % had steatosis (range reported in the studies 33–99 %), 37 % had NASH 
(9.8–72.5 %), 23 % had fi brosis (7.3–49 %), and 5.8 % had cirrhosis (1.6–10 %) 
[ 81 ,  166 ]. The prevalence of NAFLD in the general population suggests that up to 
30 % of adults in the United States may have NAFLD (defi ned as 5 % or more of 
liver fat) [ 81 ]. However, estimates from several other countries are quite variable, 
but depict a highly prevalent condition with ~20 % of the adult population. The 
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incidence and prevalence of NAFLD is rising globally owing to increasing rates of 
obesity and diabetes [ 37 ,  89 ,  160 ]. In this sense, it has been estimated that NAFLD 
prevalence increases to 57 % in obese patients and to 70 % in diabetic subjects 
[ 21 ,  49 ]. Therefore, an increasing number of features of the metabolic syndrome, 
particularly type-2 diabetes, and a family history of diabetes are risk factors for the 
presence of steatohepatitis in patients with NAFLD [ 88 ,  162 ]. 

 Thus, NAFLD has become the most prevalent cause of liver disease in Western 
countries and, over the next decade or so, is set to replace viral hepatitis as the pri-
mary cause of end-stage liver disease and it is projected to become the leading cause 
of liver transplantation in the USA by 2020 [ 125 ,  166 ]. 

 The clinical importance of NAFLD and the present lack of effective treatment to 
stop disease progression have generated great interest and investigation into the 
basic mechanisms involved in the development and progression of the disease. The 
current, and most accepted, concept outlining the pathogenesis of NAFLD has 
evolved from an initial “two-hit” hypothesis to a “multiple-hit” hypothesis [ 150 ]. 
In the original “two-hit” hypothesis, the “fi rst-hit,” hepatic TG accumulation, or 
steatosis, increases susceptibility of the liver to injury mediated by “second-hits.” 
The number of potential second-hits has greatly increased over the last decades 
being the most relevant mitochondrial dysfunction and oxidative stress, gut-derived 
endotoxin, infl ammatory cytokines/adipokines, which in turn lead to steatohepatitis 
and/or fi brosis [ 28 ,  29 ,  34 ]. The presence of oxidative stress limits the ability of 
mature hepatocytes to proliferate, resulting in reduced endogenous liver repair. 
However, as there is an increasing recognition on the simultaneous roles that these 
second-hits have in directly promoting liver injury, the multiple-hit hypothesis 
seems much more appropriate since it pictures a complex scenario where many 
parallel hits derived not only from the liver, but also by infl ammatory mediators, 
especially those deriving from adipose tissue and the gut (see Fig.  12.1 ), act in pro-
moting liver infl ammation, fi brosis, and eventually tumorigenesis [ 150 ].   

12.2     Metabolic Pathways Leading to Hepatic Steatosis 

 As commented above, excessive accumulation of TG in hepatocytes is the hallmark 
of NAFLD, both histologically and metabolically, which is strongly associated with 
insulin resistance [ 1 ,  2 ]. A fatty liver is the result of the accumulation of various 
lipids and different sources of fatty acids contribute to its development. In particu-
lar, hepatic accumulation of TG arises from an imbalance between lipid acquisition 
(i.e., fatty acid uptake and de novo lipogenesis) and removal (i.e., mitochondrial 
fatty acid oxidation and export as a component of very low-density lipoprotein par-
ticles. Therefore, hepatic fat accumulation [ 34 ] can occur as a result of (1) Increased 
free fatty acids uptake, (2) decreased or saturated free fatty oxidation, (3) increased 
de novo hepatic lipogenesis (DNL), and (4) alteration in very low-density lipoprotein– 
triglyceride secretion, as discussed below. 
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12.2.1     Increased Fatty Acid Uptake 

 Among these potential components, to establish the relative contribution of lipid accu-
mulation in patients with NAFLD, Donnelly et al. used a multiple-stable- isotope 
method, demonstrating that approximately 60 % of liver TG content derived from FFA 
infl ux from adipose tissue, 26 % from DNL, and 15 % from diet [ 33 ,  34 ]. This contrasts 
with healthy individuals in whom DNL contributes to less than 5 % of hepatic TG 
formation [ 64 ,  116 ]. The increased fatty acid uptake can be due to increased lipolysis 
from both visceral/subcutaneous adipose tissue and/or increased intake of dietary fat. 

 Given that insulin has a potent action to suppress adipose tissue lipolysis; fatty 
acid uptake in the liver is in many instances indirectly regulated by insulin. Insulin 
allows free fatty esterifi cation and TG fat storage in adipose tissues. In this context, 
several studies have highlighted that insulin resistance is a characteristic feature of 
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  Fig. 12.1    Multiple parallel hit theory of NAFLD progression. Several hits can contribute to the 
progression from fatty liver to NASH. Among them it is worth highlighting the contribution of gut-
derived endotoxin (LPS) acting through TLR4, especially on Kupffer cells; insulin resistance; gen-
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NAFLD even when subjects are not obese [ 15 ,  41 ,  49 ,  133 ,  170 ]. When insulin 
resistance develops, the adipose tissue becomes resistant to the antilipolytic effect 
of insulin and the release of fatty acids is increased. These free fatty acids (FFA) are 
inappropriately shifted to nonadipose tissues, including the liver. Insulin resistance 
is accompanied by increased insulin levels that, in the presence of increased lipoly-
sis and/or increased fat intake, promote hepatic triglyceride synthesis [ 49 ,  153 ]. In 
addition, insulin resistance and visceral obesity are commonly associated to the 
decreased levels of the “protective adipokine,” adiponectin, an adipose tissue- 
specifi c hormone. Depletion of this anti-infl ammatory and antidiabetic adipokines 
has been linked to the progression of NASH [ 155 ]. Adiponectin inhibits liver gluco-
neogenesis and suppresses lipogenesis. Thus, decreased adiponectin hinders fatty 
acid oxidation and increases fat accumulation in the liver [ 58 ,  76 ]. 

 In addition, another important source of FFA under postprandial conditions is 
due to increased spillover from chylomicrons [ 104 ]. FFA are taken up by organs 
saturating their oxidative capacity [ 15 ] and accumulated as ectopic fat, mainly not 
only as intramyocellular and hepatic lipids [ 68 ,  90 ] but also as cardiac and pancre-
atic fat. It has been hypothesized that ectopic fat could be a defense mechanism 
against lipotoxicity [ 26 ,  109 ] and that subjects with NAFLD develop NASH and 
cirrhosis only in consequence of a second hit due to increased infl ammation and 
reactive oxygen species [ 27 ,  49 ].  

12.2.2     Decreased or Saturated FFA Oxidation 

 The steady state balance of hepatic triglycerides is also controlled by the consump-
tion of catalysis of FFA. Oxidation of fatty acids occurs in three subcellular organ-
elles, with β-oxidation confi ned to mitochondria and peroxisomes and CYP2E1/
CYP4A-catalyzed ω-oxidation occurring in the endoplasmic reticulum. Some of the 
key enzymes of these three fatty acid oxidation systems in liver are regulated by 
PPAR-α [ 127 ]. However, the central organelle for oxidation of fatty acids is mito-
chondria [ 36 ], which is critical for producing ATP and ketone bodies. 

 Regarding NAFLD, there has been the controversy regarding whether mitochon-
drial β-oxidation was decreased or enhanced to saturation, with either outcome rein-
forcing the potential accumulation of triglycerides in the liver. Studies with human 
NAFLD patients have yielded also mixed results with respect to alterations in rates 
of fatty acid oxidation [ 75 ,  132 ]. Impaired ATP production has been described in 
patients with NAFLD and insulin resistance [ 18 ]. Others have reported evidence for 
increased rates of fatty acid oxidation in NAFLD [ 133 ], thus suggesting that 
increased mitochondrial activity could promote oxidative stress within the liver and 
contribute to the development of NASH [ 119 ]. An interesting study evaluated the 
expression of several fatty acid metabolism-related genes in larger groups of NAFLD 
( n  = 26) and normal liver ( n  = 10) samples shedding some light on the role of mito-
chondrial β-oxidation in NAFLD [ 78 ]. In this study, the authors found that while 
carnitine-palmitoyltransferase 1 (CPT1) (which localizes to the outer mitochondrial 
membrane and catalyzes the formation of acyl-carnitine from acyl-CoA and carni-
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tine that are subsequently shuttled to the inner mitochondrial membrane) was 
decreased probably due to an increase in malonyl-CoA, all the other components of 
the mitochondrial β-oxidation were upregulated. When ß-oxidation reaches maxi-
mal levels, a lack of unesterifi ed CoA could inhibit CPT1 and thereby prevent fur-
ther entry of acyl groups to the mitochondria, thus serving as an intramitochondrial 
control on β-oxidation. β-oxidation in mitochondria was at maximal levels, thereby 
resulting in decreased expression of CTP1. In addition, in order to complement the 
function of mitochondria, peroxisomal (β-oxidation) and microsomal (Ω-oxidation) 
oxidation were also enhanced to decrease fatty acid accumulation [ 78 ].  

12.2.3     Increased De Novo Hepatic Lipogenesis 

 The nonesterifi ed fatty acids that are incorporated into TG within the liver may be 
derived from the plasma or be newly synthesized from glucose in the so-called  de 
novo lipogenesis  (DNL) process. DNL is an integrated metabolic pathway that com-
prises of glycolysis (conversion of glucose to acetyl-CoA), biosynthesis of satu-
rated fatty acid followed by desaturation, and the formation of TG. Key rate-limiting 
enzymes in the process include glucokinase and liver-type pyruvate kinase in the 
glycolysis, acetyl-CoA carboxylase (ACC), and fatty acid synthase (FAS) in the 
fatty acid synthesis, long-chain fatty acid elongase 6 (ELOVL6) and stearoyl-CoA 
desaturase (SCD) in the formation of monounsaturated fatty acids, and glycerol-3- 
phosphate acyltransferase (GPAT), lipins, and acyl-CoA: diacylglycerol acyltrans-
ferase (DGAT) in the formation of TG [ 80 ,  151 ]. 

 As highlighted before, the study by Donnelly et al. [ 33 ], estimated that DNL was 
responsible for almost 30 % of hepatic TG in NAFLD patients, compared to the modest 
<5 % under nonpathological conditions. DNL is controlled primarily at the transcrip-
tional level. Two major transcription factors for lipogenesis, sterol regulatory element-
binding protein 1c (SREBP-1c) and carbohydrate response element- binding protein 
(ChREBP), are involved in the transcriptional activation of genes encoding aforemen-
tioned rate-limiting enzymes in lipogenesis, and have been associated with increased 
DNL in NAFLD [ 121 ]. Glucose and insulin promote DNL by activation of these two 
transcription factors. The expression of SREBP-1c is also induced by saturated fatty 
acids [ 23 ]. In obese, insulin-resistant ob/ob mice, both SREBP-1c and ChREBP are 
highly abundant in the liver, and reduction of either factor was shown to be benefi cial 
in relieving hepatic steatosis in mice, underscoring the importance of these lipogenic 
transcription factors in de novo lipogenesis and TG accumulation in the liver [ 31 ,  80 , 
 140 ]. TG are the main lipids stored in the liver of patients with NAFLD. Although large 
epidemiological studies suggest TG-mediated pathways might negatively affect dis-
ease [ 152 ], studies have shown that cellular TG accumulation per se is not initially 
toxic [ 86 ,  121 ,  167 ]. In fact, the accumulation of excess fatty acids into TG pools may 
divert fatty acids from pathways that could be cytotoxic, such as the generation of ROS 
[ 79 ] or ceramides, and this leads to subsequent alteration of mitochondrial function 
[ 52 ,  118 ]. Moreover, FFA and cholesterol, especially when accumulated in mito-
chondria, are considered the “aggressive” lipids leading to tumor necrosis factor-
alpha (TNF-α)-mediated liver damage and reactive oxygen species (ROS) formation. 
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Of note, the term “lipotoxicity” and the concept of “Good Fat /Bad Fat” was introduced 
almost 10 years ago to defi ne the role that excess FFA or other lipid metabolites play in 
inducing cellular toxicity [ 46 ,  87 ,  92 ,  94 ,  101 ], as we will discuss later.  

12.2.4     Alteration in Very Low-Density Lipoprotein-
Triglyceride Secretion 

 TG can also be exported from the liver in VLDL particles, that consist of hydropho-
bic core lipids containing TG and cholesterol esters, which are formed by the incor-
poration of TG into apolipoprotein B (apoB) by microsomal transfer protein (MTP) 
[ 67 ,  80 ]. The VLDL secretion rate appears to depend not only on the availability 
of hepatic TG, but also on the overall capacity for VLDL assembly [ 75 ]. Upon insulin 
resistance, perturbation of this process results in hypertriglyceridemia via increased 
TG secretion. However, the rate of TG secretion cannot keep up with the increased rate 
of TG synthesis in this condition, resulting in hepatic steatosis despite increased 
VLDL secretion. Similar phenotype is observed in NAFLD patients, which exhibit 
both hypertriglyceridemia and hepatic steatosis [ 25 ]. In these subjects, lipid availabil-
ity for VLDL assembly is increased, and this is combined with the failure of insulin to 
suppress VLDL production, thus resulting in hypertriglyceridemia. During NAFLD 
progression, prolonged exposure of the liver to FFA would promote ER stress and 
other oxidative stress in the liver, leading to the degradation of apoB, decrease in the 
VLDL secretion, and worsening of hepatic steatosis [ 80 ,  112 ].   

12.3     Multiple-Hits Leading to NAFLD Progression: 
Transition from Steatosis to Steatohepatitis 

 As stressed before, fatty liver is considered a benign condition. However, it is predis-
posed to forms of injury that involve oxidant stress. Steatosis could therefore provide 
the setting (or “fi rst-hit”) for NASH, but a “second hit” or “multiple-hits” may be 
needed to cause cellular injury or recruit infl ammation [ 29 ,  150 ]. In addition to the 
relevant contribution of mitochondrial dysfunction and oxidative stress, other poten-
tial hits responsible for NAFLD progression are (1) gut-derived endotoxin and Toll-
like receptors, (2) infl ammatory cytokines/adipokines, and (3) lipotoxicity (Fig.  12.1 ). 

 We will briefl y discuss the participation of “hits” i–iii to next focus on mitochon-
drial dysfunction and oxidative stress, which is the main topic of this chapter. 

12.3.1     Gut-Derived Endotoxin and Toll-Like Receptors 

 Recent evidence suggests that overgrowth of intestinal bacteria and increased intes-
tinal permeability are associated with the development of NASH [ 14 ,  102 ,  103 , 
 130 ]. It has been suggested that in healthy individuals, maintenance of homeostasis 
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between the gut microbiome and the host plays an important role in health while 
disruption of such homeostasis occurs in disease [ 147 ]. In chronic liver disease, 
including NASH, intestinal permeability is increased due to bacterial overgrowth or 
altered composition of bacterial microfl ora. The liver, receiving approximately 
70 % of its blood supply from the intestinal venous outfl ow, represents the fi rst line 
of defense against gut-derived antigens and is equipped with a broad array of 
immune cells (i.e., macrophages, lymphocytes, natural killer cells, and dendritic 
cells) to accomplish this function. Gut-derived microbial components represent 
danger signals for the host in the liver, induce infl ammatory cascade activation in 
immune cells and modulate functions and responses of liver parenchymal cells 
[ 143 ]. Indeed, plasma levels of lipopolysaccharide (LPS) are elevated in patients 
with chronic liver diseases, including NASH [ 43 ]. The host immune system recog-
nizes pathogen-associated molecular patterns (PAMPS) as danger signals via pat-
tern recognition receptors including families of the Toll-like receptors (TLRs). 
These fi ndings suggest that hepatic immune cells might be exposed to high levels of 
TLR ligands derived from gut bacterial products, which might trigger liver injury. 
Ligand engagement of TLR induces downstream signaling resulting in NF-κB acti-
vation, phosphorylation, nuclear translocation, and activation of proinfl ammatory 
cytokines that contribute to hepatic infl ammation [ 147 ]. In fact, several reports dem-
onstrate the importance of TLR4 and intestine-derived LPS in the animal model of 
NASH [ 20 ,  129 ]. LPS, a component of the cell wall of Gram-negative bacteria, is 
the most studied PAMP in relation to gut-derived pathogenic signals. LPS is sensed 
by TLR4. Remarkably, a key role of TLR4 in Kupffer cells in mediating the pro-
gression of simple steatosis to NASH, by also inducing ROS-dependent activation 
of X-box binding protein-1 (XBP-1) has been suggested [ 169 ]. Gut microbiome 
manipulation through antibiotics, prebiotics, and probiotics yields encouraging 
results for the treatment of obesity, diabetes, and NAFLD in animal models; how-
ever data in humans are currently scarce [ 108 ]. 

 Of interest, nonpathogenic substances, such as FFA, and denatured host DNA 
may activate TLR2, TLR4, and TLR9 [ 139 ,  157 ]. Saturated FFA such as palmitic 
and stearic acids, potential TLR4 ligands, are abundant in dietary fat, and high lev-
els of circulating FFA have been observed in patients with NAFLD [ 30 ]  

12.3.2     Infl ammatory Cytokine/Adipokines 

 Cytokines and adipokines (i.e., mediators mainly derived from adipose tissue) play 
a major role in the orchestration of infl ammatory processes throughout the body 
[ 149 ]. In addition, many of these mediators are able to regulate very diverse func-
tions including infl ammatory, immune, and metabolic processes. The proinfl amma-
tory cytokines tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) are 
critically involved in the pathophysiology of various aspects of human 
NAFLD. Kupffer cells are the main producers of TNF-α in the liver, particularly 
when they are activated by LPS [ 145 ]. Regarding the participation of TNF-α on the 
metabolic syndrome, characteristic of most NAFLD subjects, TNF-α interferes with 
insulin signaling, thereby favoring steatosis, and neutralization of TNF-α activity 
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improves insulin resistance and fatty liver disease in animal beings [ 62 ,  65 ]. The 
lipogenic action of TNF-α is in part accomplished by the upregulation of SREBP-1c 
[ 39 ]. Of importance, a recent report described an essential role for TNF-receptor 1 
(TNFR1) as TNFR1 knockout mice are resistant to high-fat diet-induced steatosis 
and development of hepatocellular carcinoma [ 115 ]. Furthermore, TNF-α plays a 
critical role not only in the production of infl ammatory mediators, apoptosis, and 
necrosis of hepatocytes but also in cholestasis and fi brosis [ 135 ]. 

 IL-6 is derived from many cells throughout the body including adipocytes. 
Serum levels of this cytokine correlate remarkably well with the presence of insulin 
resistance (IR), and adipose tissue-derived IL-6 has been shown to regulate hepatic 
IR via upregulation of suppressor of cytokine signaling 3 (SOCS3) [ 149 ]. Initial 
reports supported a hepatoprotective action of IL-6 in steatotic livers, by suppress-
ing oxidative stress and preventing mitochondrial dysfunction [ 19 ,  38 ]. Moreover, 
IL-6 has a hepatoprotective effect in ischemic preconditioning models [ 148 ] and is 
important for survival after partial hepatectomy in mice [ 12 ]. However, this seems 
to be a paradoxical effect of short- and long-term IL-6 exposure, as the latter may 
sensitize the liver to injury and apoptotic cell death [ 71 ]. It remains to be elucidated 
whether elevated IL-6 levels in chronic liver injury contribute to infl ammation or 
represent an anti-infl ammatory response. 

 Adiponectin is exclusively secreted by adipocytes and is considered as an anti- 
infl ammatory adipokines [ 114 ]. Adiponectin is a potent TNF-α-neutralizing adipo-
kine, and in vitro and experimental animal studies have proven the importance of 
this mediator in counteracting infl ammation and insulin resistance. In addition, the 
conditions most associated with the development of NAFLD, namely, obesity [ 9 ], 
IR [ 161 ], type-2 diabetes [ 63 ], and dyslipidemia [ 99 ], all have reduced adiponectin 
levels. Also, the expression of adiponectin and its receptors, AdipoR1 and AdipoR2, 
is low in the liver of patients with NAFLD [ 74 ]. Serum levels of adiponectin corre-
late negatively with hepatic steatosis [ 6 ]. An imbalance between serum TNF-α and 
adiponectin is considered to be important for the development of NASH [ 65 ]. In the 
liver, adiponectin prevents lipid accumulation by increasing -oxidation of FFA and/
or by decreasing DNL within hepatocytes [ 7 ,  171 ]. Part of this action is accom-
plished through the downregulation of SREBP-1c, a key regulator of fatty acid syn-
thesis [ 141 ]. Anti-infl ammatory effects of adiponectin are mediated via suppression 
of TNF-α synthesis as well as induction of anti-infl ammatory cytokines such as 
IL-10 or IL-1 receptor antagonist. Therefore, the balance between pro- and anti- 
infl ammatory acting cytokines/adipokines appears to play a key role in hepatic and 
systemic insulin action, and they are supposed to have important functions in the 
development of NAFLD [ 149 ].  

12.3.3     Lipotoxicity 

 Although the majority of hepatic lipids in NAFLD are stored in the form of TG, several 
other lipid metabolites such as different FFA, diacylglycerol, free cholesterol (FC), 
cholesterol ester (CE), ceramide, and phospholipids also accumulate [ 5 ,  24 ,  122 ]. 
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Although the amount of fat in the liver is often considered as an index of disease 
 severity, it is unlikely that the neutral TG are lipotoxic. Rather, the magnitude of neu-
tral TG in the liver likely serves as a biomarker for the fl ux of FFA delivered to the liver 
[ 69 ]. A growing body of evidence, mainly from experimental studies, suggests that 
lipid compartmentalization in hepatocytes and in particular the type or “quality” as 
opposed to the “quantity” of lipids accumulating may play a central role in the risk for 
progressive disease [ 101 ]. Herein, lipids such as FFA are the noxious agents, and TG 
actually serve as “sink” or protective pathway in lipid metabolism. There are multiple 
defi nitions for lipotoxicity; a frequently used one is adverse effects of fatty acid accu-
mulation in nonadipose tissues [ 101 ]. There is an increased body of evidence indicat-
ing that saturated FFA are more hepatotoxic than unsaturated FFA [ 91 ,  158 ,  159 ]. This 
difference in toxicity between saturated and unsaturated FFA supports a model of cel-
lular lipid metabolism in which unsaturated FFA serve a protective function against 
lipotoxicity though promotion of TG accumulation [ 85 ,  86 ]. Of note, the typical 
dietary pattern of western populations leads to high intake of saturated FFA derived 
from animal sources, which could explain its high prevalence on NAFLD progression. 
Moreover, it has been proposed that the accumulation of FFA, especially saturated 
fatty acids, in the hepatocytes can promote apoptosis by diverse pathways. These may 
include ROS-induced stress that affects the mitochondrial membranes and lysosomes. 
Lipid peroxidation increases the levels of reactive oxygen species, which may be 
 partially responsible for hepatocyte dysfunction [ 70 ], as we will discuss in detail. 

 Free cholesterol (FC) has also emerged as a toxic lipid derivative in the liver, 
whereas cholesterol esters are either stored in lipid droplets in macrophages or 
incorporated into apoB-containing lipoproteins such as VLDL in hepatocytes. In an 
experimental study designed to evaluate the differential role of FC loading vs. TG 
loading, using nutritional and genetic models of hepatic steatosis, we showed that 
FC, but not FFA or TG, sensitizes to TNF- and Fas-induced progression from fatty 
liver to NASH. FC distribution in endoplasmic reticulum (ER) and plasma mem-
brane did not cause ER stress or alter TNF signaling. Rather, mitochondrial FC 
loading accounted for the hepatocellular sensitivity to TNF due to mitochondrial 
glutathione (mGSH) depletion (Fig.  12.2 ).   

 Selective mGSH depletion in primary hepatocytes recapitulated the susceptibil-
ity to TNF and Fas seen in FC-loaded hepatocytes; and its repletion with GSH-ethyl 
ester rescued FC-loaded livers from TNF-mediated steatohepatitis [ 94 ]. In addition, 
the treatment of obese mice with atorvastatin prevented FC accumulation in mito-
chondria and the subsequent mGSH depletion, thus abolishing the susceptibility to 
cytokine-induced liver damage [ 94 ]. A progressive increase in hepatic FC from con-
trols with normal histology to subjects with simple steatosis and NASH has been 
reported, together with an increase of serum total cholesterol; in contrast to FC, liver 
cholesterol ester contents in subjects and controls were comparable [122]. We have 
also examined the correlation between FC accumulation in patients with NAFLD 
and the expression of enzymes that regulate cholesterol homeostasis fi nding that FC 
increases in human NASH and correlates with sterol regulatory element- binding 
protein-2 (SREBP-2) and steroidogenic acute regulatory protein (StAR) expression. 
SREBP-2, a transcription factor that plays an important role in cholesterol synthesis 
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through hydroxymethylglutaryl-CoA (HMG-CoA) reductase, and StAR, a mito-
chondrial-cholesterol transporting polypeptide, were overexpressed in patients with 
NASH compared with those with simple steatosis [ 16 ]. In fact, statins have amelio-
rated surrogate markers of steatosis in several randomized controlled trials, but their 
impact on liver histology is unknown. Nonetheless, statins have been found to be the 
only class of lipid-lowering drugs that reduce cardiovascular risk in NAFLD patients 
[ 107 ]. These observations on the role of statins, together with the observation that 
atherosclerotic cardiovascular disease in adults is often associated to NAFLD, and 
that animal models of atherosclerosis may also manifest NAFLD [ 164 ,  165 ]; endorse 
our fi ndings on the role of mitochondrial FC in disease progression from steatosis to 
steatohepatitis. 

FCFC

FC

FCFC

FC

FC

FC

FC FC
CLOOH

CL-cyt-c

CLOOH

CL-cyt-cCL-cyt-c

CL-cyt-c

cyt-c
cyt-c

Hepatocyte death

MMP

GSH

GSH

ROS

Normal 
mitochondria

FC-enriched
mitochondria

TNF-α 
ROS

TNF-α 
ROS

  Fig. 12.2    Free cholesterol (FC) deposition in mitochondria sensitizes to other insults, such as 
TNF-α or ROS, by altering mitochondrial GSH transport resulting in mGSH depletion. mGSH can 
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 Another lipid that has been linked to NAFLD progression is ceramide, a dynamic 
sphingolipid that contributes to stress and death ligand-induced hepatocellular death 
due to its rapid generation from sphingomyelin by acid sphingomyelinase after the 
engagement of death ligands such as TNF and Fas with their receptors [ 97 ]. In addi-
tion, de novo synthesis of ceramide requires sphingosine and a saturated fatty acid 
moiety, usually palmitoyl CoA. Thus, since long-chain saturated fatty acid avail-
ability is the rate-limiting step in ceramide synthesis; in nutritional obesity with 
associated elevations of palmitic acid and stearic acid, excess ceramide synthesis is 
possible. In fact, it has been described that ceramide plays a role in insulin resis-
tance by inhibiting insulin-induced glucose uptake, GLUT4 translocation, and gly-
cogen synthesis [ 146 ]. These results suggest that ceramide is a candidate metabolite 
linking lipid oversupply to the development of metabolic syndrome and NAFLD 
that deserves further attention.   

12.4     Oxidative Stress and Mitochondrial 
Dysfunction in NAFLD 

 Reactive oxygen species (ROS) including superoxide (O 2  •− ), hydrogen peroxide 
(H 2 O 2 ), and hydroxyl radical (OH • ), and reactive nitrogen species (RNS), including 
nitric oxide (NO) and peroxynitrite (ONOO − ), are generated as by-products of bio-
chemical reactions within cells and, hence, at low concentration, considered as 
inherent intermediates of many physiologic processes. However, when produced in 
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large amounts or in an uncontrolled fashion, free radicals infl ict tissue damage and 
are implicated in many pathologic processes [ 96 ]. 

 As originally defi ned in 1985, oxidative stress is an imbalance between oxidants 
and antioxidants, in favor of the former [ 142 ]. This implies that either the overgen-
eration of free radicals and ROS and/or the limitation in the function of antioxidants 
results in the net accumulation of ROS, that exceeds the capacity of normal antioxi-
dant systems, and exerts deleterious effects in cell functions, ultimately contributing 
to aging and major disease processes, including cardiovascular disorders, pulmo-
nary diseases, diabetes, neurodegeneration, and liver diseases [ 96 ,  142 ]. 

 In the latest years, altered oxidative metabolism of TG at both hepatic and extra-
hepatic level, an imbalance in pro/antioxidant systems, and an increased oxidative 
stress are increasingly recognized as central for the development of hepatic steato-
sis, necroinfl ammation, and fi brosis that characterize NASH. Many of these altera-
tions can also be found in NAFLD-associated metabolic disorders, including obesity 
and diabetes, and in the infl ammatory process at the basis of atherosclerosis, thus 
suggesting that common molecular mechanisms act at both hepatic and extrahepatic 
levels to produce liver and cardiometabolic disease [ 29 ,  50 ]. 

 ROS are toxic to cells because they can react with many cellular macromole-
cules, denaturing proteins, or inactivating enzymes and causing DNA damage. 
Moreover, ROS can attack polyunsaturated fatty acids (PUFAs) and initiate lipid 
peroxidation within the cell. Lipid peroxidation can lead to destruction of bio-
logical membranes and to production of aldehydic products such as malondial-
dehyde (MDA) or 4-hydroxynonenal (4-HNE), that have longer half-life than 
ROS, and are highly reactive and generate adducts or cross-linking on proteins, 
which progressively lead to impaired protein function, causing alterations in sig-
nal transduction that affect cell dysfunction, infl ammatory response, and cell 
death [ 96 ,  120 ]. 

 In fact, by analyzing the circulating profi le of lipid oxidation products in the 
blood of NAFLD patients it has been demonstrated that specifi c oxidized fatty 
acid products, mainly derived from linoleic and arachidonic acids, are markedly 
increased and are largely the result of free radical-mediated processes [ 45 ]. 
Moreover, using a learning cohort and subsequent validation cohort, and based on 
these oxidized fatty acids, an OxNASH noninvasive score was developed and a 
strong positive correlation was revealed between systemic levels of specifi c oxida-
tion products and liver histology that included infl ammation, degree of steatosis, 
and stage of fi brosis [ 45 ]. These promising results have been further validated in 
an ample cohort of patients thus highlighting the novel utility of the OxNASH 
score for the noninvasive diagnosis of NASH and demonstrating that OxNASH 
correlates with individual histologic features of disease severity in NASH, in par-
ticular with the degree of infl ammatory activity in the liver [ 4 ]. These fi ndings 
provide more evidence on the role that oxidative stress plays in NAFLD 
progression. 

 In the fatty liver, different sources of ROS and RNS contribute to the ensuing 
oxidative stress found during NAFLD progression and will be discussed in detail. 
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12.4.1     Mitochondria 

 Several lines of evidence suggest that mitochondrial dysfunction is critical on the 
progression from simple steatosis to steatohepatitis in NAFLD. Mitochondrial dys-
function is characterized by mitochondrial membrane permeabilization (MMP). 
MMP causes the release of multiple proteins, especially cytochrome c, from the 
mitochondrial intermembrane space into the cytosol. This leads to caspase activa-
tion in the cytosol, disruption of the mitochondrial respiratory chain (MRC), loss of 
mitochondrial transmembrane potential, ROS production, and loss of mitochondrial 
structural integrity. In fact, hepatic mitochondria from patients with NASH show 
both morphological and functional changes. They present mega-mitochondria that 
have ultrastructural lesions, loss of cristae, and with paracrystalline inclusion bodies 
that suggest either an adaptive process or mitochondrial injury [ 17 ], and have a 
decrease in ATP resynthesis after a fructose challenge, leading to a transient ATP 
depletion [ 18 ]. 

 Mitochondria are the most important energy suppliers of the cell. Mitochondrial 
FFA β-oxidation and other oxidative reactions (e.g., Krebs cycle) produce NADH 
and FADH 2 , which are then reoxidized by the MRC, thus regenerating nicotinamide 
adenine dinucleotide (NAD + ) and fl avin adenine dinucleotide (FAD) required for 
other cycles of oxidation. NADH and FADH 2  oxidation is coupled to ATP synthesis 
through the process. Most of the electrons provided to the MRC migrate along this 
chain, to fi nally reach cytochrome c oxidase (COX, or complex IV), where they 
safely combine with molecular oxygen and protons to form water. A fraction, how-
ever, of these electrons leaks from complexes I and III to form superoxide [ 106 ]. 
This radical can be then dismutated by manganese superoxide dismutase (MnSOD) 
into hydrogen peroxide (H 2 O 2 ), which is normally detoxifi ed into water by glutathi-
one peroxidase (GPx) and reduced glutathione (GSH). Thus, most mitochondrial 
reactive oxygen species (ROS) are usually detoxifi ed and residual ROS serve as 
signaling molecules. 

 Nonetheless, any signifi cant reduction of MRC activity can induce ROS overpro-
duction, thus triggering oxidative stress. The primary factor governing mitochon-
drial ROS generation is the redox state of the respiratory chain. Importantly, GPx 
needs an adequate amount of GSH within the mitochondrial matrix to detoxify 
H 2 O 2 , so that the depletion of mitochondrial GSH (mGSH) below a crucial level can 
lead to, or favor, mitochondrial dysfunction and cell death [ 98 ,  131 ]. Thus, mGSH 
plays a central role in the control of mitochondrial ROS generation. 

 Along similar lines, it has been described that mGSH depletion due to alcohol- 
mediated alteration in mitochondrial membrane dynamics underlies the susceptibil-
ity of hepatocytes from alcohol-fed models to TNF-α, and in nutritional and genetic 
models of hepatic steatosis, mGSH depletion occurs due to the enrichment of mito-
chondria in FC, resulting in decreased mitochondrial membrane fl uidity [ 96 ,  98 ]. 
Altered lipid homeostasis in the liver is a pathophysiologic hallmark of NAFLD, 
and, as commented above, a striking fi nding in lipodomic studies of NAFLD biop-
sies is the progressive increase in FC from NAFLD to NASH [ 122 ]. Cholesterol is 
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known to control membrane organization. In particular, cholesterol modulates the 
coexistence within membranes of lipid-disordered and lipid-ordered phases, regu-
lating membrane permeability and function of resident proteins. In this regard, it has 
been shown that cholesterol loading in mitochondria results in increased membrane 
order parameter which impacts negatively in specifi c membrane carriers, such as the 
GSH transport system, but without effect in others, including the S-adenosyl-l- 
methionine transporter [ 48 ,  105 ]. Since GSH is synthesized de novo exclusively in 
the cytosol but not in mitochondria, the mitochondrial source of GSH depends on its 
transport from cytosol. Thus, one of the functional consequences of mitochondrial- 
cholesterol enrichment, as found in NAFLD patients, is the impairment of mGSH 
transport which results in mGSH depletion in the mitochondrial matrix, promoting 
the stimulation of mitochondrial ROS. 

 An important mitochondrial lipid that can be affected by oxidative damage if 
mGSH levels are compromised is cardiolipin. Cardiolipin, an anionic phospholipid 
found only in mitochondria, plays a key role in mitochondrial physiology and cell 
death regulation. Because of its unique structure among phospholipids, cardiolipin 
confers fl uidity and stability to the mitochondrial membrane. Cardiolipin is present 
almost exclusively in the mitochondrial inner membrane (MIM) but can be also 
found at low levels in the mitochondrial outer membrane (MOM). Cytochrome c is 
normally bound to the MIM by association with cardiolipin, and it has been postu-
lated that cardiolipin loss or peroxidation lessens the binding of cytochrome c to the 
MIM, favoring the permeabilization of isolated liver mitochondria, release of cyto-
chrome c from the mitochondria to the cytosol, causing cell death [ 73 ,  98 ,  113 ]. 
Thus, again, the depletion of mGSH can pose a critical threat to the cell by sensitiz-
ing mitochondrial components and lipids such as cardiolipin to oxidative modifi ca-
tions by ROS and other reactive species that could compromise the vital mitochondrial 
function, and easily engage mitochondria in cell death pathways (Fig.  12.2 ). In addi-
tion, ROS per se are also potent inductors of mitochondrial permeabilization that 
contribute to different forms of apoptotic and necrotic cell death [ 57 ,  82 ] 

 In addition to enhanced fat content, cytokine overexpression, particularly TNF-α 
and membrane receptors, has been shown to contribute to steatohepatitis and subse-
quent progression to hepatocellular apoptosis in NASH [ 44 ]. In this regard, we have 
previously showed that selective depletion of mGSH after incubation with 
3-hydroxy-4-pentenoate (HP) sensitizes hepatocytes to TNF-α without interfering 
with NF-κB activation. By using this strategy, mGSH becomes depleted by 70–80 % 
while sparing the cytosol pool of GSH [ 51 ]. Moreover, we observed that acidic 
sphingomyelinase (ASMase)-induced ceramide generation plays a key role in TNF- 
induced hepatocellular death and liver injury through stimulation of mitochondrial 
ROS [ 51 ,  95 ]. In further analyzing the role of mGSH on the sensitization of hepato-
cytes to TNF-α, we observed that MOM-permeabilization, cytochrome c release, 
and procaspase-3 activation take place only after mGSH depletion [ 95 ]. These 
observations suggest that the premitochondrial TNF-α signaling, including tBid 
generation and mitochondrial Bax activation, are independent of the mGSH status, 
yet their predicted consequences on mitochondria (MOM-permeabilization) and 
downstream events (cytochrome c release and apoptosome assembly) are controlled 
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by the levels of mGSH. In other words, the oxidative changes occurring in mGSH 
depleted hepatocytes precede the upregulation of the NF-kB survival program, com-
mitting hepatocytes to TNF-α -mediated cell death [ 98 ]. In fact, it has been acknowl-
edged that hepatocytes initially react to fat deposition with an early increase in GSH 
and thioredoxin, likely to oppose lipid and protein oxidation. However, with ongo-
ing steatosis major redox changes occur in mitochondria and mGSH declines more 
rapidly than cytosolic GSH, indicating that mitochondria are particularly affected 
by oxidative damage during NAFLD [ 53 ,  55 ,  117 ,  168 ]. Thus, mGSH is a critical 
factor in the development of steatohepatitis through sensitization of hepatocytes to 
infl ammatory cytokines. 

 The accumulation of lipids in the cytoplasm of hepatocytes, mostly in the form 
of FFA and TG, induce several metabolic adaptations in NAFLD mitochondria to 
restrain fat accretion. In NAFLD mitochondria, there is an increase in FFA oxida-
tion (in position β, also known as β-oxidation), that in the end results in a major 
burden to mitochondrial and cell function, as follows. Mitochondria catalyze the 
β-oxidation of the bulk of short-, medium-, and long-chain fatty acids derived from 
diet, and this pathway constitutes the major process by which fatty acids are oxi-
dized to generate energy. Electrons accumulation along the respiratory chain is fur-
ther promoted by a simultaneously enhanced mitochondrial β-oxidation, which 
increases both the formation of NADH and FADH 2 , and by the fl ow of electrons to 
the respiratory chain [ 50 ,  119 ]. Electrons can freely react with oxygen to form 
superoxide anion radical and other ROS [ 168 ], thus enhancing mitochondrial 
ROS. Further, inducible nitric oxide synthase (iNOS) transforms superoxide into 
peroxynitrite, which can damage DNA, and in the presence of iron, more powerful 
oxidants, including hydroxyl radical, and ferryl species, are produced. This creates 
a vicious cycle of oxidative damage in which damaged mitochondria produce larger 
amounts of ROS that can damage other mitochondria and other cellular components 
(Fig.  12.2 ), and result in less ATP production [ 131 ], among other outcomes. 

 Mitochondrial β-oxidation of FFA is still functional in NAFLD patients present-
ing with simple steatosis or steatohepatitis, presenting an increased rate of mito-
chondrial substrate oxidation during the early setting of liver injury in NASH 
models, as described before to cope with the high demand imposed by the accumu-
lation of FFA. An adaptive mechanism adopted by hepatocyte mitochondria to limit 
ROS production during NAFLD progression is the induction of uncoupling protein-
 2 (UCP2). UCP2 is a MIM protein whose function may include heat generation, 
mitochondrial uncoupling, and protection against oxidative stress by regulating the 
coupling between the electrons transport chain and ATP synthesis (increasing the 
rate of proton leak, which partially dissipates the membrane potential). In physio-
logical conditions, UCP2 is not expressed in hepatocytes, and its expression is pri-
marily limited to Kupffer cells. However, UCP2 becomes strikingly abundant in 
hepatocytes from fatty liver, increasing the proton conductance observed during 
NASH progression, thus limiting mitochondrial ROS production [ 22 ,  137 ]. This 
mechanism permits mitochondria to elevate substrate oxidation and reduce redox 
pressure during fat accumulation, acting as a protective mechanism against damage 
progression. Despite these favorable effects, the chronic lack of ATP exposes the 
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hepatocytes to increased susceptibility to noxious stimuli when the hepatic energy 
requirement increases, which emphasizes the key role of the hepatic redox environ-
ment in NASH progression [ 137 ]. However, as disease progresses and despite the 
uncoupling mechanism there is a progressive impairment of mitochondrial function 
and increased mitochondrial ROS [ 137 ,  138 ]. 

 Other signifi cant components greatly affected by enhanced ROS generation and 
that can suffer oxidative damage in the hepatocyte are mitochondrial MRC com-
plexes and mitochondrial DNA (mtDNA) [ 128 ]. Recent evidence indicates that 
redox reactions are also involved in regulating mitochondrial function via redox- 
modifi cation of specifi c cysteine-thiol groups in subunits of respiratory chain com-
plexes [ 35 ,  66 ]. The proteins affected are predominantly involved in fatty acid 
oxidation or in the regulation of pyruvate dehydrogenase. This fi nding indicates that 
the reversible modifi cation of a small subset of mitochondrial protein thiols occurs 
during low endogenous ROS fl uxes, suggesting that protein thiol modifi cation may 
be an important but neglected aspect of mitochondrial redox signaling [ 66 ]. As 
mitochondria generate more ROS oxidizing fatty acids than when oxidizing carbo-
hydrates [ 144 ], thiol regulation could act as a feedback mechanism enabling ROS 
production during fatty acid oxidation to reciprocally modulate fatty acid and car-
bohydrate metabolism. Although this proposal is clearly speculative, a link between 
mitochondrial ROS production and the balance between carbohydrate and fatty acid 
utilization in NAFLD mitochondria is worth investigating. 

 Regarding the involvement of mtDNA damage on NAFLD, it is important to 
emphasize that mtDNA is extremely sensitive to oxidative damage because of its 
proximity to the MIM (the main cellular source of ROS), the absence of protective 
histones, and incomplete repair mechanisms in mitochondria [ 13 ]. Therefore, oxi-
dative damage to mtDNA by ROS may lead to DNA strand breaks and the occur-
rence of somatic mtDNA mutations. mtDNA encodes 13 proteins required for 
normal functioning of the MRC, as well as the two mitochondrial ribosomal RNAs 
and all the mitochondrial transfer RNAs that are necessary for the synthesis of 
mtDNA-encoded polypeptides in the mitochondrial matrix [ 156 ]. Thus, the accu-
mulation of mtDNA mutations may result in dysfunction of the MRC, leading to 
increased ROS production in mitochondria and subsequent accumulation of more 
mtDNA mutations further aggravating the vicious cycle already created by the 
enhanced β-oxidation of fatty acids, ROS generation, depletion of mGSH, and so 
forth (Fig.  12.2 ).  

12.4.2     Endoplasmic Reticulum: Microsomes 

 Fatty acids can also be ω-hydroxylated in the endoplasmic reticulum (ER), by cyto-
chrome P450 enzymes, and the resulting ω-hydroxy fatty acid is then dehydroge-
nated to a dicarboxylic acid in the cytosol. Although ω-oxidation is a minor pathway 
of fatty acid metabolism, its importance is dramatically increased during starvation, 
by ethanol, hypolipidemic drugs, peroxisome proliferators, in situations where 
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mitochondrial β-oxidation becomes impaired and fatty acids accumulate in the 
cytosol, and in different metabolic diseases (e.g., diabetes, metabolic syndrome, 
NAFLD) [ 10 ,  59 ]. Microsomal ω-oxidation of fatty acids, catalyzed primarily by 
cytochrome P450 2E1, and 4A1 generates ROS through a fl avoprotein-mediated 
incomplete transfer of electrons to molecular oxygen [ 50 ]. However, and in terms of 
oxidative stress inducers, the contribution to the formation of ROS by CYP2E1 is 
much signifi cant than that by CYP4A1 [ 10 ]. 

 CYP2E1 is mainly expressed in the liver, with hepatocytes showing the highest 
expression, but it is also located in other organs such as the brain and intestine. 
CYP2E1 is mainly located within the endoplasmic reticulum (ER) although it is 
also expressed in the mitochondria [ 110 ]. CYP2E1 metabolizes a variety of sub-
stances including multiple drugs, polyunsaturated fatty acids, ethanol, acetamino-
phen, and most organic solvents. Multiple factors such as insulin, acetone, leptin, 
adiponectin, and cytokines regulate CYP2E1 mRNA and protein expression [ 83 ]. In 
fact, insulin is known to decrease CYP2E1 expression [ 163 ]. Thus, insulin resis-
tance may increase CYP2E1 expression and activity via the high concentration of 
ketone bodies produced from persistent mitochondrial fatty acid oxidation. Ketone 
bodies stabilize CYP2E1 and prevent its degradation. The increase in CYP2E1 and 
enhanced insulin resistance, both factors very common in NAFLD, seem to promote 
each other by creating a positive feedback loop that may eventually make steatosis 
progress to steatohepatitis as oxidant stress increases [ 83 ]. In addition to generate 
ROS, CYP2E1 forms dicarboxylic acids that when protonated cycle from the MIM 
to the MOM resulting in dissipation of the mitochondrial proton gradient without 
simultaneous ATP production; thus impairing mitochondrial function by uncou-
pling oxidative phosphorylation [ 60 ]. A key feature of CYP2E1 is its inducibility, 
and consequently liver CYP2E1 levels can be enhanced in different pathophysiolog-
ical conditions. In NASH, CYP2E1 is inducible by ketones and by a high-fat diet, 
especially when coupled with low dietary carbohydrate intake [ 11 ]. Moreover, 
CYP2E1 protein content and activity correlate with the development of liver injury 
in obese NAFLD patients [ 111 ], and with higher TNF-α activity, oxidative and 
nitrosative stress, and liver injury in obese mice [ 32 ].  

12.4.3     Peroxisomes 

 Peroxisomes are single membrane-bound subcellular organelles that contain a vari-
ety of enzymes involved in a number of metabolic processes. The most well- 
characterized reactions carried out by peroxisomes are those that catalyze fatty acid 
β-oxidation. The peroxisomal fatty acid β-oxidation pathway produces hydrogen 
peroxide through the activity of acyl-CoA oxidase, thus historically accounting for 
the name “peroxisomes,” and fatty acids are converted into acetyl-CoA. Acetyl- 
CoA is then transported to the mitochondria, where further degradation takes place. 

 Peroxisomal β-oxidation is streamlined exclusively toward the metabolism of 
less abundant and relatively more toxic and biologically active very-long-chain 
fatty acids (containing 20 or more carbon atoms), 2-methyl-branched fatty acids, 
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dicarboxylic acids, prostanoids, and C 27  bile acid intermediates. Very-long-chain 
fatty acids (>C 20 ) are not processed by the mitochondrial β-oxidation system, and 
they require peroxisomal β-oxidation to shorten the chain length for further comple-
tion of oxidation in mitochondria. Long-chain dicarboxylic acids generated by the 
microsomal ω-oxidation of fatty acids are metabolized by the peroxisomal 
β-oxidation system [ 124 ,  126 ,  127 ]. Dicarboxylic acids are generally more toxic 
than very-long-chain fatty acids and are known to inhibit the mitochondrial fatty 
acid oxidation system. Thus, an effective peroxisomal β-oxidation system is needed 
to minimize the deleterious effects of dicarboxylic and other toxic fatty acids to 
prevent hepatic steatosis [ 127 ]. 

 Moreover, an interesting feature of peroxisomes is their ability to proliferate and 
multiply. In rodents, for example, the number and size of peroxisomes as well as the 
expression of peroxisomal β-oxidation enzymes are highly increased when activa-
tors of the peroxisome proliferator-activated receptors (PPARs), like fi brates, or 
when free fatty acids are present [ 42 ,  134 ]. The peroxisomal β-oxidation system is 
composed of two pathways, one of which is inducible by peroxisome proliferators. 
The peroxisome proliferator-inducible β-oxidation pathway metabolizes straight- 
chain saturated fatty acyl-CoAs, whereas the second non-inducible pathway metab-
olizes 2-methyl-branched fatty acyl-CoAs. The genes encoding the classical 
β-oxidation pathway in liver are transcriptionally regulated by peroxisome 
proliferator- activated receptor alpha (PPARα). The fi rst step in peroxisomal FA oxi-
dation is directly coupled to the molecular oxygen, thus generating H 2 O 2 , while 
mitochondrial β-oxidation produces energy. Unlike the mitochondrial system, per-
oxisomal β-oxidation is carnitine-independent, and it does not go to completion as 
the chain-shortened acyl-CoAs (medium-chain acyl-CoAs) are exported to the 
mitochondria for the completion of β-oxidation. Evidence derived from mice defi -
cient in PPARα points to the critical importance of PPARα and of the classical 
peroxisomal fatty acyl-CoA oxidase in energy metabolism, and in the development 
of hepatic steatosis, steatohepatitis, and liver cancer [ 126 ]. Of interest, in hepatic 
lipid overload a sustained PPARα stimulus manifests in hepatic peroxisome prolif-
eration since PPARα encodes for hepatic peroxisomal acyl-CoA-oxidase, the fi rst 
and rate-limiting enzyme for peroxisomal β-oxidation. Human genetic defi ciencies 
in peroxisome biogenesis and individual peroxisomal enzymes have been described 
that result in accumulation of long-chain fatty acids [ 8 ,  54 ]. 

 Therefore, peroxisomes are involved in the β-oxidation chain shortening of long- 
chain and very-long-chain fatty acyl-coenzyme (CoAs), and they do so more rapidly 
than mitochondria [ 61 ]. In addition, they also oxidize long-chain dicarboxylyl- 
CoAs, 2-methyl-branched fatty acyl-CoAs, but then again all these oxidations take 
its toll since in the process they generate H 2 O 2 , thus adding to oxidative stress [ 77 ]. 
Such conditions, as in NAFLD, are considered to generate peroxisome-induced oxi-
dative stress, which may overwhelm the antioxidant capacity. Furthermore, transi-
tion metal ions like iron and copper are abundant in peroxisomes mainly in a 
complexed form. Under certain conditions, these metal ions can be released (e.g., by 
xenobiotics) and catalyze the formation of hydroxyl radical in the Fenton reaction, 
thus leading to lipid peroxidation, damage of the peroxisomal membrane, and loss 
of peroxisomal functions [ 134 ].  
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12.4.4     Lysosomes 

 Experimental evidence suggests that lysosomes play an important part in mediating 
FFA-induced generation of ROS and mitochondrial dysfunction in NASH by acti-
vating the lysosomal pathway of apoptosis [ 46 ,  47 ,  84 ]. Lysosomes are membrane- 
bound organelles that maintain an acidic intravesicular pH and contain hydrolytic 
enzymes that are active at an acidic to neutral range of pH. Cathepsin B belongs to 
the family of lysosomal proteases known as cathepsins that is abundant and active 
at neutral pH. It is released into the cytosol on lysosomal permeabilization and can 
mediate downstream mitochondrial permeabilization and caspase activation [ 56 ]. 

 In this regard, treatment of hepatocytes with saturated FFA, e.g., palmitic acid, 
activates the lysosomal pathway of apoptosis through Bax-induced lysosomal mem-
brane permeabilization (LMP), and release of cathepsin B into the cytosol. The 
mechanism underlying LMP is still incompletely understood; however, a number of 
factors have been described to affect the stability of the lysosomal membrane, 
including the level of lysosome-associated membrane proteins (LAMP) and choles-
terol [ 72 ]. The release of cathepsin B is an early event that occurs hours prior to 
mitochondrial depolarization and cytochrome c redistribution into the cytosol. 
Cytosolic cathepsin B therefore enhances mitochondrial dysfunction, ROS genera-
tion, and cell death, likely via cathepsin B-mediated tBid generation [ 84 ]. Evidence 
for the importance of cathepsin B in this context is supported by the fact that cathep-
sin B inhibition in vitro protected against FFA-induced mitochondrial dysfunction 
and oxidative stress; and cathepsin B deletion in vivo protected against hepatic ste-
atosis, oxidative stress, liver injury, and insulin resistance after cathepsin B inhibi-
tion in a dietary murine model of NAFLD [ 84 ]. Additionally, cathepsin B release 
from the lysosome and its redistribution in the cytoplasm has been observed in 
human liver tissues from patients with NAFLD and correlated with the degree of 
infl ammatory activity [ 46 ]. Therefore, factors that prevent LMP or stabilize lyso-
somal membranes may be a novel mechanism to prevent FFA-mediated mitochon-
drial dysfunction and oxidative stress in metabolic diseases and NAFLD.   

12.5     Concluding Remarks 

 NAFLD is a complex disease where a number of parallel factors contribute to its 
progression. There is increasing evidence indicating that mitochondrial dysfunction 
and oxidative stress play a central role in NAFLD development. Not only mitochon-
drial dysfunction impacts on fat deposition but it also leads to ROS formation. 
Hence, several vicious cycles encompassing mitochondrial damage, lipid peroxida-
tion, and imbalance in the antioxidant defense, ROS/RNS generation, and cytokine 
release cause infl ammation and fi brogenesis in a subset of susceptible patients, but 
not in all patients with fatty liver. Thus, understanding the mechanisms responsible 
for this differential susceptibility may help us to better design effective therapies. 
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 Of interest, since mitochondrial dysfunction is key feature in the physiopathol-
ogy of NASH, drugs or other factors improving directly or indirectly mitochondrial 
function may prove useful in its prevention. Antioxidant molecules specifi cally tar-
geted to the mitochondria could also be valuable, not only in NASH but also in 
type-2 diabetes. Moreover, taking into account the epidemic of obesity and related 
diseases in affl uent countries, reducing the incidence of NASH will be a major task 
to accomplish over the next years. In this regard, since these diseases are not inevi-
table consequences of a modern society, substantial efforts and long-term clinical 
intervention are needed to correct the sedentary lifestyle and nutritional habits in 
western countries.   
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    Chapter 13   
 Oxidative Stress in Nonautoimmune 
Biliary Diseases 

             M.     Cadamuro    ,     L.     Fabris    , and     M.     Strazzabosco    

13.1             Cholangiopathies 

 The diseases primarily affecting the biliary epithelium are collectively termed as 
cholangiopathies. They comprise a wide group of liver pathologies, most often 
characterized by a chronic progressive and disabling clinical course. Depending 
upon the nature of the primary insult, cholangiopathies can be categorized as drug- 
induced, idiopathic, immunomediated, infectious, inherited/genetic, ischemic, and 
tumoral (Table  13.1 ). Unfortunately, pathogenetic mechanisms underlying the pro-
gression of these diseases are still uncertain.

   If considered as single entity, these pathologies are usually rare, but, as a whole, 
their prevalence is quite common, accounting for up to 20 % of liver transplants; 
notably, biliary atresia accounts for the half of liver transplants performed in the 
pediatric population. All ages can be involved, from neonatal (biliary atresia) to 
elderly (cholangiocarcinoma), although prevalence is higher in young adults (auto-
immune and genetic etiologies). 
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 Despite the differences in etiology and age of onset, cholangiopathies share 
some common pathological features. These include an intense ductular reaction, 
associated with the activation of the hepatic progenitor cell (HPC) compartment, 
progressive portal infl ammation resulting in ductopenia, or conversely, bile duct 
enlargement, and peribiliary fi brosis, that can lead to portal hypertension and its 
severe complications (ascites, splenomegaly, variceal bleeding) without necessarily 
evolving to cirrhosis. 

 Because of the limited knowledge on their pathogenesis, the current curative 
options for cholangiopathies are quite limited. This chapter will deal with the pos-
sible role of oxidative stress, a topic that has hitherto received little attention. Before 
discussing the specifi c topic, it seems appropriate to briefl y introduce the anatomy 
and physiology of the biliary system.  

13.2     Cholangiocytes and Bile Ducts: Anatomy and Functions 

 Cholangiocytes are the epithelial cells lining the biliary tree, a complex and highly 
integrated ductal system responsible, not only for the drainage of the bile, but also for 
the modifi cation of the primary bile produced by hepatocytes. Intrahepatic biliary 
tree starts from the canals of Hering, the smallest ductular structure located at the 
periphery of the portal area and composed partly by hepatocytes and partly by chol-
angiocytes that links the hepatic canaliculi with the biliary tract system. Canals of 
Hering represent the putative niche whereby the HPC compartment resides [ 1 – 4 ]. 
Cholangiocytes may exert both secretory and absorptive functions. In fact, biliary 
epithelium is involved in the reabsorption of glucose and conjugated bile acids, and 
plays fundamental secretive functions related to alkalinization and hydration of the 
primary bile; noteworthy, in humans, 40 % of the bile is secreted by cholangiocytes. 

   Table 13.1    Classifi cation of the cholangiopathies   

 Drug-induced  Clavulanic acid, fl oxuridine (by hepatic arterial infusion), non-steroid 
anti-infl ammatory drugs (NSAIDs), statins 

 Idiopathic  Idiopathic ductopenia, intra- and extrahepatic biliary atresia (BA) 
 Immunomediated  Chronic allograft rejection, graft vs. host disease, primary biliary 

cirrhosis (PBC) and its variant autoimmune cholangitis (AIC), primary 
sclerosing cholangitis (PSC) 

 Infectious  Bacterial, parasitic, protozoan, and viral 
 Inherited/genetic  Alagille syndrome, cystic fi brosis, MDR3 defi ciency (PFIC-3), 

fi bropolycystic liver diseases [autosomal recessive polycystic kidney 
disease (ARPKD), Caroli’s disease, congenital hepatic fi brosis 
(CHF)], and polycystic liver diseases [autosomal dominant polycystic 
kidney disease (ADPKD), isolated polycystic liver disease (PCLD)] 

 Ischemic  Posttransplant hepatic artery stenosis, systemic vasculitis 
 Tumoral  Cholangiocarcinoma (CCA) 
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 Morphology and functional specialization of cholangiocytes markedly differ 
along the biliary tree, thus refl ecting regionally distinct biological properties. The 
smallest bile ducts at the interface with the canals of Hering are lined by cuboidal 
epithelial cells; typically, they express a plastic and reactive phenotype, enabling 
them to direct the activation of the HPC compartment and the generation of the liver 
repair response (ductular reaction). Instead, cholangiocytes lining the major ducts 
are columnar, and mainly possess secretory functions. 

13.2.1     Cholangiocyte and Bile Production 

 Bile released by hepatocytes into the canaliculi (primary bile) is composed by water 
(more than 90 %), electrolytes, and bile salts. Through the canals of Hering, primary 
bile is delivered into the distal ramifi cations of the biliary tree, where it is modifi ed 
by cholangiocytes, whose activity is regulated by a complex interplay of pro- 
secretory (acetylcholine, glucagon, secretin, vasoactive intestinal peptide) and anti- 
secretory signals (somatostatin) [ 5 – 8 ]. 

 Modifi cation of the primary bile depends on the action of a number of carriers 
and channels expressed on either the apical or the basolateral membrane of cholan-
giocytes. On the basal side, the import of HCO 3  −  is mediated by two different cargo 
systems, the Na + -dependent Cl − /HCO 3  −  exchanger (NCHE), and the Na + /HCO 3  −  
cotransporter (NCB1). Na +  turnover is necessary to maintain the correct difference 
in potential levels among the intra- and extracellular environment, and it is regulated 
by the Na + /K +  adenosine triphosphate (ATP)-ase and the Na + /K + /2Cl −  cotransporter 
(NKCC1), which is also fundamental for the Cl −  uptake by the cell. On the apical 
side, the cystic fi brosis transmembrane conductance regulator (CFTR), a channel 
activated by cyclic-adenosine monophosphate (cAMP), regulates Cl −  effl ux, that, in 
turn, is reabsorbed by the action of the Na + -independent Cl − /HCO 3  −  antiport (AE2), 
which extrudes bicarbonate into the bile, thus providing biliary alkalinization. 
Furthermore, Cl −  egress through the CFTR channel generates a negative potential 
into the ductal lumen that drives the fl ow of water into the bile duct lumen through 
Aquaporin-1 and -4; the water effl ux is responsible for the bile fl uidifi cation. Several 
other channels responsible for the reabsorption of glutathione, glucose and conju-
gated bile acids are expressed on the basolateral membrane of cholangiocytes. Other 
molecules, directly secreted by hepatocytes into the bile, exert pro- or anti-secretory 
effects in a paracrine fashion, such as ursodeoxycholic acid and ATP, both acting 
through the ATP-specifi c receptor P2Y2 [ 5 ,  8 ,  9 ]. All these mechanisms are ulti-
mately driven and integrated by the adenylyl cyclases (ACs), in particular AC4, 5, 
6, 7, 8, 9, and soluble AC [ 10 ]. They form a complex enzymatic membrane system 
expressed on the basolateral side of cholangiocytes, which is activated in response 
to stimulation of the secretin receptors. By modulating the cAMP intracellular levels, 
ACs stimulate the extrusion of Cl −  by CFTR, and consequently, of HCO 3  −  by the 
AE2 anion exchanger.  
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13.2.2     Cholangiocyte and Liver Repair 

 Cholangiocytes located at the smallest ramifi cations of the biliary tree possess 
abilities that are fundamental for directing repair mechanisms to liver damage. In 
fact, they may acquire some properties of the mesenchymal phenotype ( plasticity ), 
they may secrete a vast array of proinfl ammatory mediators, including cytokines 
and chemokines ( reactivity , hence the term of “reactive cholangiocytes” or “reac-
tive ductular cells,” RDC), and they may activate the HPC compartment ( staminality ) 
[ 8 ,  11 ]. Thanks to these functions, cholangiocytes react to the damage by increas-
ing their number, and reaching the site of injury where they establish an intense 
cross talk with other liver nonepithelial cell populations, such as portal fi broblasts, 
Kupffer cells, lymphocytes, neutrophils, and endothelial cells. Altogether, these 
interactions lead to the development of the “ductular reaction,” a multicellular 
complex that, though behaving as an adaptive response, may ultimately be respon-
sible for pathologic repair during chronic liver damage. Recent studies indicate a 
strong correlation between the extent of ductular reaction and the severity of liver 
fi brosis [ 12 – 14 ]. 

 RDC are believed to originate from the proliferation of preexisting bile ducts 
and/or from HPC activation or from transdifferentiation of hepatocytes. Originally, 
activation of the HPC compartment was reported in the mouse model of CCl 4  intox-
ication, followed by administration of acetaminophen (AAF), to inhibit hepatocyte 
proliferation [ 15 ]. However, following studies showed that HPC expansion is com-
mon also in human chronic liver diseases, as in nonalcoholic and alcoholic steato-
hepatitis, chronic viral hepatitis, and biliary atresia (BA) [ 1 ,  12 ,  14 ,  16 ,  17 ]. HPC 
can be identifi ed by the co-expression of both cholangiocyte and hepatocyte mark-
ers, including Cytokeratins (K) 7, K8, K18, and K19, EpCAM, albumin, Hepar-1 
[ 3 ,  18 ,  19 ], and of stem cell markers, such as CD34, OV-6, and c-Kit [ 20 ,  21 ]. RDC 
are organized into dysmorphic, highly anastomosed branching structures, devoid of 
a discernible lumen, aligning along the portal tract interface. RDC have a fl attened 
or cuboidal shape, and in addition to the classic biliary markers, i.e., K7, K8, K18, 
K19 [ 2 ,  3 ], and EpCAM [ 22 ], they express neuroendocrine features, including 
Chromogranin-A [ 23 ] and the neural cell adhesion molecule (NCAM) [ 2 ,  22 ,  23 ], 
as well as stem cell markers, such as c-Kit [ 20 ] and OV-6 [ 19 ], whereas they do not 
express EMA, a marker of mature biliary phenotype [ 22 ,  24 ]. Expression of fea-
tures of immaturity is associated with a reduction in the luminal secretory abilities 
(water, ions, and other solutes), and with a loss of the cell polarity. Given the capa-
bility to secrete a number of proinfl ammatory and chemotactic mediators and 
growth factors, RDC orchestrate the recruitment and activation of mesenchymal 
and infl ammatory cells, which cooperate in the generation of the ductular reaction. 
The secretory repertoire of RDC is wide and encompasses vascular endothelial 
growth factor (VEGF), Angiopoietin-1 and -2 (Ang-1, -2), endothelin-1 (ET-1), 
platelet- derived growth factor-BB (PDGF-BB), and -DD (PDGF-DD), transform-
ing growth factor-β2 (TGFβ2) and connective tissue growth factor (CTGF), thus 
making RDC as the “pace-maker” of liver repair [ 25 ]. Once activated, fi broblasts 
are instead the classic effectors of fi brogenesis given their distinctive ability to 
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release several components of the extracellular matrix (fi bronectin, collagen, elas-
tin, tenascin). Furthermore, they secrete a large number of soluble factors, such as 
interleukin-6 (IL-6), IL-8, tumor necrosis factor-α (TNF-α), interferon-γ (IFNγ), 
CCL2 (or monocyte chemotactic protein-1, MCP-1), cytokine-induced neutrophil 
chemoattractant (CINC), and nitric oxide (NO), which variably modulate the evo-
lution of liver repair mechanisms by regulating the activity of lymphocytes, macro-
phages, and neutrophils [ 5 ].   

13.3     Reactive Oxidative Species in Cholangiopathies 

 In chronic cholangiopathies, activation of the ductular reaction results in the genera-
tion of a brisk proinfl ammatory microenvironment in the portal area, which induces 
profound metabolic changes in the adjacent liver cells. Cytokines secreted by 
infl ammatory cells can affect the function of multiple cell types involved in liver 
repair, including cholangiocytes, hepatocytes, endothelial cells, and hepatic stellate 
cells. In particular, TNF-α, IFNγ, and IL-6 stimulate the activation of the inducible 
form of the nitric oxide synthase (iNOS) in cholangiocytes [ 26 ]. Inducible-NOS 
synthesizes high amounts of nitric oxide (NO), a gaseous molecule derived from the 
biotransformation of  L -arginine, which exerts pleiotropic effects, in both physio-
logic and pathologic contexts [ 27 – 30 ] (Fig.  13.1 ). In addition, NO is generated, at 
lower concentrations, by two other synthases, the neuronal NOS (nNOS), and the 
endothelial NOS (eNOS). At low concentrations, NO mostly possesses antimicro-
bial and antiviral activities as well as signaling functions. In the biliary epithelium, 
low concentration NO stimulates choleresis, inducing the effl ux of Cl −  and HCO 3  −  
and of biliary glutathione. On the contrary, at higher concentrations, NO stimulates 
infl ammatory cells to release several proinfl ammatory and pro-fi brotic cytokines, 
among which Chemokine (C-C motif) ligand (CCL) 1, IL-6, IL-8, interferon β, 
MCP-1, Macrophage Infl ammatory Protein (MIP)-1, MIP-2, TGFβ, and TNF-α 
[ 31 – 34 ], which in turn, induce cholestasis and bile duct proliferation. These are 
harmful effects at potential risk for neoplastic transformation, related to the genera-
tion of reactive oxidative species (ROS), as peroxynitrites (ONOO − ); they are 
induced by the reaction of NO 2  −  produced by iNOS with O 2  − , formed by superoxide 
dismutase (SOD) [ 35 ]. In fact, peroxynitrites modify tyrosine residues in membrane 
and structural proteins, including cytoskeletal fi laments, to form nitrotyrosine, 
which interfere with their correct assembly. Protein nitrosylation is currently used 
as a footprint of the NO accumulation that can be detected in vivo.  

 Another product of oxidative metabolism relevant in bile duct injury is the ara-
chidonic acid (AA), which derives from the degradation of membrane glycerophos-
pholipids due to the activation of phospholipases A 2  (PLA 2 s), in particular PLA 2 α. 
Biotransformation of AA is closely related to NO: increased local concentration of 
NO produced by iNOS stimulates the production and activation of cyclooxygenase 
2 (COX-2), the enzyme responsible for the conversion of AA to prostaglandin H 2  
(PGH 2 ). Afterwards, a number of specifi c PG synthase, such as PGE 2 , PGD 2 , PGF 2 α, 
PGI 2 , and thromboxane A 2 , convert PGH 2  in different, highly reactive prostaglandins [ 36 ,  37 ]. 
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PGE2 can bind to different cognate receptors, EP 1 , EP 2 , EP 3 , and EP 4  subtypes, 
belonging to the G-proteins-coupled receptor family. PGE 2  exerts different effects 
on epithelial cell proliferation, motility, and invasiveness, depending upon the spe-
cifi c receptor binding. 

 Both iNOS and COX-2 have been found to be overexpressed by RDC in BA. 
iNOS immunoreactivity positively correlated with the degree of apoptosis of cholan-
giocytes, with the content of NO metabolites and with the expression of NF-κB, a 
transcription factor modulating infl ammatory responses which is signifi cantly acti-
vated in BA [ 38 – 40 ]. On the other hand, expression of COX-2 by RDC closely cor-
related with the severity of cholestasis in BA patients [ 41 ]. Altogether, these results 
confi rmed that iNOS and COX-2 are strongly involved in the pathogenesis of BA. 

13.3.1     Effects of Infl ammation on ROS Generation 

 In cholangiopathies, ROS are generated following a dual mechanism, with or with-
out the involvement of pathogens. In case of sepsis or endotoxemia, biliary epithe-
lium may react to different stimuli of bacterial origin, represented by 

  Fig. 13.1    The sustained activation of the enzymes promoting the oxidative stress response (i.e., 
iNOS and COX-2) caused by chronic infl ammation or other biliary injuries, leads to the most 
severe consequences of cholangiopathies, including cholestasis, dysregulation of liver repair 
mechanisms, and neoplastic biliary epithelial transformation       
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lipopolysaccharides (LPS), DNA, or RNA fragments, and fl agellin, collectively rec-
ognized as pathogen-associated molecular patterns (PAMPs), by activating the Toll- 
like receptor (TLR) pathways. In particular, TLR4 mediates signal transduction in 
response to LPS. Following the binding with LPS, TLR4 dimerizes and recruits the 
TIR-domain containing adaptor molecules (MyD88, Mal, TRIF, and TRAM) [ 42 – 44 ]. 
The TLR4-activated intracellular signaling generates ROS acting through the tran-
scription factor NF-κB that directly stimulates iNOS expression on cholangiocytes 
[ 42 ]. Alternatively, ROS may originate from the dysfunction or necrosis of resident 
liver epithelial cells in absence of pathogens (“sterile infl ammation”). This mecha-
nism is driven by alarmins. Alarmins are a group of cell components also known as 
damage-associated molecular patterns (DAMPs), including DNA fragments, purine 
nucleotides (ATP), S100 proteins (S100A8-9-12), several heat shock proteins 
(HSP), and the high mobility box-1 (HMGB-1) protein. HMGB-1 in particular, 
plays a pivotal role in several liver diseases of metabolic, ischemic, and alcoholic 
etiology [ 45 ,  46 ]. DAMP-induced cytokine/chemokine secretion includes CCL2, 
CXCL1, CXCL10, IL-1, LIX, IL-6, TNF-α, and IFNγ, and occurs in a NF-κB-
dependent fashion; it leads to the recruitment of immune cells to the site of injury, 
generating a positive loop that further recruits infl ammatory cells and stimulates 
NO biosynthesis in the site of infl ammation.  

13.3.2     NO Effects on Bile Secretion 

 Whereas local nanomolar concentrations of NO exert choleretic effects in cholan-
giocytes, higher concentrations (micromolar) of NO induce cholestasis and inter-
fere with the mechanisms of bile fl uidifi cation and alkalinization. The ambivalent 
role of local NO was originally shown in vitro in rat cholangiocytes [ 26 ,  47 ]. Among 
the different membrane transporters, AE2 and CFTR are particularly susceptible to 
NO effects. In physiological conditions, low concentrations of NO generated by 
eNOS, are necessary for the normal bile secretion. In cholangiopathies, proinfl am-
matory cytokines (IL-1, IL-6, TNF-α, and IFNγ) released by infl ammatory cells and 
RDC negatively affect the function of AE2 and CFTR [ 48 ]. In addition, TNF-α, 
IL-6 and IFNγ synergistically stimulate the cholangiocyte expression of iNOS that 
generates a sustained increase in the intracellular levels of NO and consequently of 
peroxynitrite. ROS interfere with the activity of ACs, thereby deactivating the 
cAMP-PKA-dependent secretion of HCO 3  −  operated by the AE2 transporter [ 26 ] 
(Fig.  13.2 ). This halts the correct turnover of Cl −  usually maintained by the coordi-
nated action of AE2 and CFTR. The failure of HCO 3  −  and Cl −  secretion affects the 
preservation of the osmolarity gradient, which impairs the water transport per-
formed by aquaporins. Inhibitors of peroxynitrite formation and NO scavengers, 
such as uric acid, manganese(III)-tetrakis(4-benzoic acid)-porphyrin (MnTBAP), or 
trolox, are able to restore in vitro, the normal bile secretion in rat bile duct units 
following exposure to proinfl ammatory cytokines by normalizing the intracellular 
levels of cAMP [ 26 ].   
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13.3.3     NO Effects on Liver Repair 

 Recent evidence indicates that COX2 can activate the HPC compartment. Studies 
on a mouse model fed with choline-defi cient, ethionine-supplemented diet (CDE), 
showed that COX-2 mRNA expression in total liver correlates with the number of 
HPCs, whilst selective COX-2 inhibition reduces in vivo the number of HPC, and 
in vitro, the phosphorylation of AKT in an immortalized HPC-derived cell line [ 49 ]. 
The ability of COX-2 to stimulate HPC proliferation was confi rmed further in a rat 
model of 2-acetylaminofl uorene (2-AAF) intoxication associated with 70 % partial 
hepatectomy. In this model, during liver regeneration, HPCs proliferate in response 
to COX-2, activated by several cytokines and growth factors released from infl am-
matory cells, hepatocytes, and RDC. Even in this model, HPC activation by COX-2 
is mediated by an AKT-dependent, extracellular-signal-regulated kinases (ERK) 
1/2-independent pathway. Specifi c chemical inhibition of COX-2 reduces HPC pro-
liferation, as well as AKT, but not ERK1/2 phosphorylation in vitro [ 50 ].  

  Fig. 13.2    NO effects on bile secretion. ( a ) In normal conditions, cholangiocytes secrete and mod-
ify the primary “hepatocellular” bile through a complex interplay of pumps and ion exchangers 
located on either the apical or the basolateral side. Bile alkalinization is provided by the initial 
extrusion of Cl −  anions through the CFTR, a cAMP-dependent channel. Then, Cl −  is reabsorbed by 
the AE2 antiport pump that in turn, extrudes HCO 3  − , a mechanism governed by several AC iso-
forms. ( b ) In pathologic conditions, NO generated by the upregulation of iNOS, interferes with the 
activity of ACs, and inhibits the cAMP-PKA-dependent, AE2-mediated secretion of HCO 3 . 
The failure of HCO 3  −  and Cl −  turnover affects the osmolarity gradient between the ductal lumen 
and the cholangiocyte cytoplasm, thereby halting the water transport operated by aquaporins, 
fi nally resulting in the bile stagnation into the biliary tree       
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13.3.4     NO and Cholangiocarcinoma 

 Several chronic cholangiopathies, such as PSC and fi bropolycystic liver diseases 
(CHF and CD), are characterized by an increased risk to developing cholangiocar-
cinoma (CCA), a highly aggressive malignancy originating from the biliary epithe-
lium. The pro-carcinogenic effects of long-lasting infl ammatory processes are well 
documented in several organs, and the relative role played by oxidative stress in this 
context is largely recognized [ 51 – 53 ]. In fact, large amounts of NO produced by 
iNOS stimulated by proinfl ammatory mediators may induce malignant transforma-
tion of epithelial cells directly, by inducing DNA damage and by repressing the 
activity of DNA repair mechanisms or indirectly, by affecting the cell proliferation/
apoptosis ratio. 

  DNA damage and inhibition of the DNA reparative systems.  A persistent portal 
infl ammatory state leads to a sustained upregulation of iNOS and relatively, to NO 
accumulation in cholangiocytes upon the effect of proinfl ammatory cytokines, 
including TNF-α, IFNγ, TGFβ, and different ILs. ROS are responsible for the lipid 
peroxidation of membrane proteins. As previously mentioned, peroxynitrite is a 
highly instable, reactive molecule able to induce multiple single-stranded and 
double- stranded DNA lesions and ruptures [ 54 ]. Furthermore, NO and peroxyni-
trites are responsible for the formation of 8-oxo-7,8-dihydro-2′-deoxyguanosine 
(8-oxodG), and 8-Nitro guanine, two potentially mutagenic compounds promoting 
the G:C → T:A conversion, and inducing the formation of nitrotyrosine, as shown in 
epithelial cells of chronic gastritis related to  H. pylori  infection [ 55 ]. NO and ROS 
may also inhibit the activity of reparative systems of DNA damage, necessary to 
maintain the genetic stability of the cells; these are provided by enzymatic proteins 
containing a catalytic subunit rich in cysteine residues which is extremely sensitive 
to nitrosylation. In particular, the 8-oxo-deoxiguanine DNA glycosylase 1 (hOGG1), 
the most important DNA repairing enzyme, can be inactivated by NO and peroxyni-
trites, thus favoring the progressive accumulation of DNA damages in CCA [ 56 ]. 

  Effects on the regulation of the balance epithelial cell proliferation/apoptosis.  
Recent studies have shown that in CCA, iNOS upregulation leads to COX-2 activa-
tion, which in tumoral cells, stimulates proliferation and escape from apoptosis. 
Studies on immortalized cholangiocytes demonstrate that COX-2 expression is 
modulated by the activation of p38-mitogen-activated protein kinases (MAPK) and 
c-Jun N-terminal kinases (JNK) pathways [ 57 ,  58 ]. Murine cholangiocytes chal-
lenged with a mix of LPS + TNF-α (reproducing the infl ammatory microenviron-
ment of cholangiopathies), stimulated in vitro the expression of both iNOS and 
COX-2, whose activation was confi rmed by the increased production of PGE 2  .  
These effects were reverted by the specifi c inhibition of either p38/MAPK or JNK, 
but not of the ERK1/2 pathway, in contrast with what reported in other cell types 
[ 58 ,  59 ]. 

 In CCA, EP 1  activation by PGE 2  induces a tumorigenic effect by enhancing 
tumor cell proliferation and invasiveness. In CCA cells, EP 1  activation by selective 
agonists leads to a proliferative effect through a Src-mediated transactivation of 
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epidermal growth factor receptor (EGFR) (Fig.  13.3 ). This increases the phosphory-
lation of ERKs and AKT [ 60 ,  61 ], in conjunction with an invasive effect dependent 
upon the cAMP-induced activation of the transcription factor cAMP response 
element- binding protein (CREB) stimulating the metalloproteinase-2 (MMP2) pro-
duction [ 62 ]. These effects can be counteracted by both EP 1  and EGFR antagonism 
[ 60 – 62 ].  

 PGE 2  specifi c binding to the receptor subtype EP4 increases cell motility and 
proliferation by activating the phosphatidylinositol-3 kinase/AKT (PI3K/AKT) 
pathway, but this effect has been demonstrated only in colon cancer cells, a malig-
nancy where relevance of COX2 activation is largely recognized [ 63 ,  64 ]. On the 
other way, COX2 synthesis and activation can be stimulated in cultured human 
CCA cell lines by bile acids, through mechanisms dependent on EGFR-p42/44 and 
EGFR-p38 signaling (Fig.  13.3 ). Cholangiocytes exposed to a range of bile acids, 
including deoxycholate, taurodeoxycholate, taurochenodeoxycholate, glycodeoxy-
cholate, and glycochenodeoxycholate, variably upregulate COX-2 expression, 
an effect counteracted by specifi c inhibitors of EGFR, p38 MAPK, and rapidly 

  Fig. 13.3    NO modulation of the balance cell proliferation/apoptosis in CCA. In CCA, the 
NO-induced COX-2 activation, mediated by the p38 MAPK/JNK axis, generates high amounts of 
PGE 2 . PGE 2 , released into the luminal space, binds to the specifi c EP receptors and transactivates 
EGFR, by a Src binding protein-mediated mechanism. The PI3K/AKT pathway responsible for the 
proliferative and antiapoptotic responses in CCA cells then transduces the EP/EGFR signal. 
Moreover, EGFR activation, also activating the p38 MAPK/p42/44 MAPK pathways, further co- 
operates to the upregulation of COX-2       
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accelerated fi brosarcoma (Raf) and MEK1 mediating the P42/44-MAPK pathway 
[ 65 ]. Notably, both signaling cascades activating COX-2 act in concert to increase 
the PGE 2  biosynthesis from arachidonic acid, thus stimulating the EGFR-mediated 
tumor proliferation, invasion, and metastatization [ 64 ,  65 ]. 

 In CCA cells, COX-2 is typically expressed in close proximity to the nucleus 
where PGI 2  and PGE 2  can bind to different members of the peroxisome proliferator- 
activated receptor family (PPAR), in particular PPAR-γ and PPAR-δ, thereby acti-
vating them. Several studies outlined the opposing effects of PPAR-γ and PPAR-δ 
activation in CCA, where they behave as tumor suppressor and pro-oncogenic, 
respectively (Fig.  13.4 ). CCA cell lines treated with PPAR-γ ligands showed a 
strong inhibition of cell proliferation. In CCA cells, 15-deoxy-Δ 12,14 -prostaglandin 
J 2  inhibits the activation of the G2/M cyclin-dependent kinase, Cdc2, through a 
p53-dependent mechanism mediated by two downstream effectors, growth arrest 
and DNA damage 45 (GADD45) and p21 WAF1/Cip1 , an effect erased by a dominant 
negative inhibition of p53 [ 66 ]. Similarly, in vitro treatment of CCA cell lines 
with 15-keto-prostaglandin E 2  (15-keto-PGE 2 ), a metabolite of PGE 2  formed by 
the 15-hydroxyprostaglandin dehydrogenase, results in inhibition of cell prolif-
eration and migration by activating PPAR-γ. Following the binding of 15-keto-
PGE 2 , SMAD2/3 detaches from PPAR-γ to form a multimer with SMAD anchor 
for receptor activation (SARA) and TGFβR1. This complex induces the phosphorylation 

  Fig. 13.4    Opposite effects of PPAR-γ and PPAR-δ in CCA. ( a ) Following activation, PPAR-γ 
detaches from SMAD2/3, that is phosphorylated by TGFβ; pSMAD2/3 translocates into the 
nucleus where it binds to p53 and activates the transcription of TAp63 and its downstream effectors 
GADD45, p21 waf1/cip1 , and Cdc2, ultimately blocking the cellular proliferation. ( b ) In contrast, 
PPAR-δ stimulates proliferation and motility of CCA cells: on one side, by upregulating the 
expression of COX-2, and on the other, by forming a multimer with β-catenin that translocates to 
the nucleus, whereby it activates TCF/LEF, thus inducing the transcription of genes regulating cell 
motility and proliferation       
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of SMAD2/3 that enters the nucleus where it binds to p53/p63 in the promoter 
region of the  TAp63  gene, inducing the transcription of the TAp63 protein and 
inhibiting cancer cell proliferation [ 67 ] (Fig.  13.4a ). In contrast to PPAR-γ, 
PPAR-δ exerts a proliferative effect in CCA. In vitro studies showed that AA 
binding to PPAR-δ upregulates COX-2 [ 68 ]. Nevertheless, by binding to PPAR-δ, 
PGE 2  regulates the biotransformation of phospholipids in AA through a MAPK- 
and PI3K-mediated pathway that activates cPLA 2 α [ 68 ]. Furthermore, recent 
papers demonstrate the presence of a cross talk among PPARs (in particular 
PPAR-δ), β-catenin, and cPLA 2 α signaling. In addition to behave as adhesion 
protein, β-catenin regulates the Wnt signaling. In absence of Wnt stimulation, 
β-catenin is phosphorylated in the cytoplasm, where it undergoes proteosomal 
degradation by ubiquitination. In conditions of Wnt activation, phosphorylation 
of β-catenin is inhibited: therefore, β-catenin can accumulate in the cytoplasm and 
translocate into the nucleus where it activates T cell factor (TCF) and lymphoid 
enhancer-binding factor-1 (LEF-1), which induce the transcription of target genes 
involved in cell motility, proliferation, and cell reprogramming. Overexpression 
of cPLA 2 α and of its bioactive metabolic product AA, induce the binding of the 
β-catenin/PPAR-δ complex to the TCF/LEF transcription factors, which become 
transcriptionally active [ 69 ] (Fig.  13.4b ). As a positive loop, the activation of the 
β-catenin signaling can stimulate the expression of PPAR-δ, an effect able to sus-
tain the persistent activation of the β-catenin/PPAR-δ-mediated TCF/LEF com-
plex, as demonstrated in vitro in several cell lines of human colon, lung, and liver 
carcinomas [ 70 ].  

 In condition of persistent infl ammation, accumulation of NO and its derivatives 
are responsible not only for the increased cell proliferation, but even for the inhibi-
tion of pro-apoptotic mechanisms. In hepatocytes and in other epithelial cells, NO 
can directly inhibit the activation of caspases 3, 8, and 9, through nitrosylation of the 
cysteine residues present in the active site of the caspases [ 71 ,  72 ]. The inactivation 
of the caspase-induced apoptosis may also derive from the cross-activation of EGFR 
by PGE 2  and its receptor EP 1 . EGFR activation in rat CCA cells, is responsible for 
the activation of the PI3K/AKT pathway that inhibits the Bad-Bcl xl  binding [ 37 ] and 
the following translocation of Bax to the mitochondria, a fundamental step for acti-
vating the caspase cascade. This antiapoptotic effect induced by EGFR activation is 
counteracted by the treatment with celecoxib, a selective inhibitor of COX-2 [ 73 ]. 
NO may also promote antiapoptotic mechanisms by interacting with the Notch 
pathway. Notch (1–4) and its ligands Delta-like and Jagged are fundamental players 
in cell fate determination and in the survival of several cell types, including cholan-
giocytes. In mouse CCA cell lines, Ishimura and colleagues [ 74 ] showed that NO is 
able to induce the cleavage of the intracellular domain of Notch1 (NICD), which 
translocates into the nucleus to form a transcriptional complex with recombination 
signal-binding protein 1 for J-kappa (RBPj), switching on several target genes, 
among which hairy and enhancer of split-1 (Hes-1). This mechanism, mediated by 
the activation of the JNK1/2 signaling, is responsible for an increased cell survival 
and a reduced apoptosis of CCA cells.   
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13.4     Conclusions 

 In chronic cholangiopathies with persistent infl ammation, the release of proinfl am-
matory mediators including cytokines, chemokines, and growth factors by either 
RDC or infl ammatory cells recruited into the portal area, is the main mechanism 
responsible for the upregulation of iNOS and COX2, leading in turn, to the genera-
tion of NO and its derivatives, and of PGE2, respectively. NO and PGE 2  may pro-
foundly affect critical functions of the biliary epithelium, such as liver repair and 
bile secretion, and may also predispose it to malignant transformation by interfering 
with the DNA reparative systems and with several intracellular pathways governing 
the balance between cell proliferation and apoptosis [ 29 ,  30 ,  53 ]. Unraveling the 
molecular mechanisms underlying the generation of ROS and the consequences of 
their accumulation is a fundamental step for the development of new therapeutic 
approaches, in both infl ammatory cholangiopathies and CCA.     
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    Chapter 14   
 Oxidative Stress in Autoimmune Liver Disease 

             Verónica     Martín-Domínguez    ,     Eduardo     Vilar-Gómez    , 
    Luisa     García-Buey    , and     Ricardo     Moreno-Otero     

14.1             Oxidative Stress in Autoimmune Liver Diseases 

 Oxidative stress (OS) is a commonly used term that refers to a state in which tissue 
and cellular redox balance is altered towards a more oxidizing environment and an 
ensuing adaptation of cellular functions occurs. The degree of liver damage caused 
by OS depends on two factors: (1) the type and amount of oxidant stimuli and their 
persistence in time and space; and (2) the availability of suitable cellular defense 
mechanisms. It is the balance between the two opposing processes that ultimately 
determines the contribution of OS to the pathogenesis of a particular liver disease. 
The available experimental or clinical evidence of the involvement of OS as a 
pathophysiological mechanism in alcoholic liver disease (ALD), viral hepatitis, 
autoimmune liver disease (AILD), nonalcoholic steatohepatitis (NASH), and cir-
rhosis, as well as the available data with respect to antioxidant therapy in liver dis-
ease, has been reviewed in increasing numbers of reports. The majority of reports 
on this topic are case reports, case series, and pilot studies, but only a few random-
ized controlled trials, including a placebo control or comparator group, have been 
carried out [ 1 ,  2 ]. 

 OS begins with the generation of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) as a part of normal cellular function; these are highly reac-
tive compounds capable of interacting with most biologic molecules in the absence 
of enzymes [ 1 ]. There are multiple cellular sources of ROS generation but the most 
signifi cant ones are the mitochondrial electron transport complexes I and III, P450 
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enzymes within the endoplasmic reticulum, membrane-bound nicotinamide 
 adenine dinucleotide phosphate (NADPH) oxidase, and peroxisomes. ROS produc-
tion by each of these sources can be stimulated by cytokines, infl ammation, viral 
proteins, and other mechanisms. These processes initially generate superoxide 
anion (O 2  − ), which is sequentially reduced to form hydrogen peroxide (H 2 O 2 ), 
hydroxyl radical (HO − ), and ultimately water (H 2 O) [ 3 ]. These reactive intermedi-
ates, however, interact with other molecules to form secondary ROS, such as lipid 
peroxidation products, sulfenic acid, and disulphides. RNS includes nitric oxide 
(NO − ) and peroxynitrite (ONOO − ), and reactive hydrogen species (RHS) include 
hypochlorous acid (HOCl) and other halide species. With the exception of NO, all 
other species can originate from O 2  −  by several reactions. 

 ROS such as H 2 O 2  can also be formed in a number of enzymatic reactions not 
linked to O 2  − , such as those catalyzed by a class of enzymes known as oxidases 
(acyl-CoA oxidase, xanthine oxidase, amino acid oxidases, etc.). Superoxide anion 
is primarily produced in cells that have mitochondria and can generate other more 
powerful reactants. Many reactive species can be made by the same cell type, 
whereas some can only be made by a specifi c type of cell. Hepatocytes, for exam-
ple, can make ROS and RNS, but not RHS. ROS can inactivate a number of signal-
ing protein molecules, such as insulin receptor, protein tyrosine phosphatases, and a 
number of transcription factors, including nuclear factor kappa β activity (NFκB), 
and others [ 4 ]. 

 Excessive intracellular levels of reactive species are clearly deleterious for cells. 
However, there are natural mechanisms to remove some of the reactive species. 
These include either enzyme-catalyzed reactions or nonenzymatic reactions of nat-
ural compounds acting as traps for the reactive species. Enzymes that dissipate reac-
tive species include superoxide dismutase (converts O 2  −  to H 2 O 2 ), catalases, and 
peroxidases (convert H 2 O 2  into oxygen and water). Therefore, the level of naturally 
produced reactive species results from a balance between their rate of production 
and neutralization. OS occurs when the balance is shifted toward excessive forma-
tion and is deleterious for the cell. Due to their natural reactivity, these species 
interact with a plethora of biologic molecules and denature their structure and, 
therefore, their function [ 4 ]. 

 When ROS and RNS are abundant, they cause alternations in mitochondrial 
functions, modulate cytokine expression, alter immune responses, and activate sig-
naling cascades resulting in hepatocellular injury, apoptosis or cell death, and liver 
fi brosis [ 1 ,  5 ,  6 ]. The increase of intrahepatic inducible nitric oxide synthase (iNOS) 
expression and its correlation with the histological severity of liver disease suggests 
that NO-mediated nitration of hepatocellular proteins might directly contribute to 
liver damage in AILD. Some experimental and clinical evidences indicate that OS 
plays a role in lesions in AILD. An increased intrahepatic iNOS expression and 
nitrotyrosine (NTY) accumulation in patients with primary biliary cirrhosis (PBC) 
and autoimmune hepatitis (AIH) has recently been reported; however, the initial 
trigger for iNOS induction in PBC and AIH remains unidentifi ed [ 1 ,  7 ]. OS is a 
signifi cant feature of AIH and provides a probable mechanism linking hepatic 
necroinfl ammation to fi brogenesis and disease progression [ 8 ]. 
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 Given the differences between these two liver diseases, it could be suggested that 
this nitration process represents a nonspecifi c pathogenic mechanism, common to 
different autoimmune chronic diseases and secondary to the elicitation of infl amma-
tion, rather than its cause. This is supported by the observation of increased NTY 
localization in tissues affected by other chronic infl ammatory disorder [ 1 ]. Formation 
of NTY may result, among other possible mechanisms, from the nitration at the 
ortho position of aromatic amino acids by peroxynitrite, a potent oxidant agent pro-
duced by the reaction of NO and superoxide [ 7 ]. 

 Patients with PBC might be particularly sensitive to ROS and/or RNS-mediated 
damage because a predictable consequence of cholestasis is malabsorption of fat- 
soluble vitamins and other free radical scavengers, such as carotenoids, leading to 
an impaired antioxidant capacity; therefore, therapeutic approaches that potentiate 
the generation of free radical scavengers may be effi cacious in both diseases [ 1 ]. An 
additional mechanism whereby OS contributes to liver damage in AILDs has been 
described. In patients with primary sclerosing cholangitis (PSC), catalase has been 
characterized as one of the possible autoantigens eliciting an autoimmune reaction. 
Due to catalase being an important antioxidant enzyme that prevents cell damage 
induced by highly reactive oxygen-derived free radicals, an impairment of the redox 
status of cells by catalase autoantibodies has been suggested as a possible patho-
genic mechanism in PSC [ 9 ].  

14.2     Immunopathogenesis of Autoimmune Liver Disease 

 The causes of AILDs, which are reported to be on the increase all over the world, are 
unknown. AILD is diagnosed when a series of tests suggest that the body’s immune 
system is attacking the liver. AIH, PBC, and PSC are the major pathogenic mecha-
nisms which provoke an autoimmune reaction. Cellular and humoral- mediated 
immune reactions against self-antigens participate in the development of liver 
pathology, but differ according to the focus of autoimmune injury, the pattern of 
infl ammation, and the clinical phenotype [ 1 ]. Although these fi ndings are important, 
the pathogenic mechanisms that trigger the onset of these diseases, and the precise 
role of the characteristic autoantibodies associated with them, remain unknown [ 10 ]. 
AIH, PBC, and PSC represent complex disorders in that they result from the interac-
tion of multiple factors. Several risk factors for certain AILDs have been determined, 
such as immunogenic background, sex, and geographical region. All three disorders 
have a progressive course that, if untreated, develops into cirrhosis and liver failure 
requiring liver transplantation (LT). The aim of treatment is to abolish or reduce 
infl ammation, cholestasis, and the progression of fi brosis [ 11 ]. A number of factors 
have been considered as possible triggers for the chronicity of the disease process in 
AILDs, such as viruses, bacteria, chemicals, drugs, and genes [ 10 ]. 

 Shared serological, immunological, and histological patterns exist across the 
spectrum of AIH, PBC, and PSC. Conditions exhibiting features of two different 
AILDs are commonly referred to as “overlap syndromes.” These are represented by 
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variant forms of AIH, in which there are characteristics of both AIH and PBC ( AIH–
PBC overlap syndrome ) or AIH and PSC (“AIH/PSC overlap”) [ 11 ].  AIH–PBC 
overlap syndrome  is diagnosed when two or three of the criteria for PBC and AIH 
are met. A diagnosis of AIH/PSC overlap syndrome is arrived upon when the fol-
lowing criteria are met: (1) revised AIH score > 15; (2) characterized by antinuclear 
antibodies (ANA) or anti-smooth muscle antibody (ASMA) present in a titer of at 
least 1:40; and (3) liver histology with piecemeal necrosis, lymphocyte rosetting, 
moderate or severe periportal, or periseptal infl ammation [ 12 ]. 

 Recently, a new population of effector CD4+ T (Th17 and T-regs) has been 
shown to have opposing effects in the immune response and may be involved in the 
pathogenesis of many diseases, including AILDs [ 13 ]. 

14.2.1     Autoimmune Hepatitis 

 AIH is a chronic liver disease with unknown etiological factors and is associated with 
aberrant autoreactivity and a genetic predisposition [ 14 ]. It is characterized by a 
strong prevalence in females and concurrent autoimmune disorders occur in approxi-
mately 40 % of patients [ 15 ]. The target antigens on the hepatocyte membrane are not 
known, but it is possible that cytotoxic T lymphocytes produce a specifi c membrane 
lesion, via the production of tumor necrosis factor-α (TNF-α), interleukins (IL)-2 and 
IL-12, leading to a progressive necroinfl ammatory and fi brotic process [ 13 ]. 

 Two types of AIH are recognized: type 1, with ANA and/or ASMA positivity, 
and type 2, characterized by an anti-liver kidney microsomal type 1 antibody (anti-
LKM- 1) or by an anti-liver cytosol type 1 antibody (anti-LC-1) [ 11 ]. 

 The diagnosis is based on histologic abnormalities (interface hepatitis and typi-
cal plasma cell infi ltration), characteristic clinical and biochemical fi ndings (AST/
ALT high levels), hypergammaglobulinemia, presence of one or more characteristic 
autoantibodies, and serological and histological response to corticosteroids. 
Histological fi ndings of bridging necrosis or multilobular necrosis at presentation 
progress to cirrhosis in 82 % of untreated patients and are associated with a 5-year 
mortality of 45 %. 

 Two treatment regimens are equally effective in severe AIH: prednisone alone 
(60 mg daily) in descending doses, or a lower dose of prednisone (30 mg daily) in 
conjunction with azathioprine (50 mg or 1–2 mg/kg body weight), for a period of 
6 months. Treatment improved symptoms, laboratory tests, histological fi ndings, 
and survival [ 15 ]. Different studies indicate that remission rates with conventional 
therapy have a high variability of 43–80 % [ 16 ]. Overall, 10–20 % of patients 
don’t respond to, or are intolerant of, conventional corticosteroid therapy, with or 
without azathioprine use (a nonselective immunosuppressant that acts by inhibi-
tion of several enzymes involved in purine synthesis). Therefore, the standard 
therapy for AIH is far from ideal. LT has also evolved as an effective treatment for 
the decompensated patient, and the 5-year patient and graft survival rate now 
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exceeds 80 %, although the risk for graft loss because of disease recurrence has to 
be considered [ 15 ]. 

 A few studies have reported AIH cases with infi ltrated IgG4-positive plasma 
cells in the liver, suggesting the involvement of IgG4 in the pathogenesis of 
AIH. This feature was called IgG4-associated AIH. However, the diagnostic criteria 
of IgG4-associated AIH have not been defi ned and the epidemiology and clinical 
features remain uncertain. Corticosteroid therapy normalized liver enzymes in both 
studies [ 17 ].  

14.2.2     Primary Biliary Cirrhosis 

 In PBC, the autoimmune injury affects the small- and medium-sized interlobular 
bile ducts, causing the typical appearance of non-suppurative, destructive chronic 
cholangitis [ 11 ]. Although several studies have examined the autoimmune mecha-
nisms underlying biliary damage in PBC, the etiology of the disease remains largely 
unknown [ 13 ]. 

 PBC has a strong female predominance (F:M ratio, 10:1) and an association in 
30 % of patients with other autoimmune disease. Autoimmunity is also common in 
families of PBC patients; however, unlike AIH, no immunosuppressive agent to 
date has been shown to be effective in PBC [ 11 ]. Recent data has revealed epide-
miologic associations; environmental and genetic risks of disease such as having a 
fi rst-degree relative with PBC, a history of urinary tract infections, being a past 
smoker, and using hormone-replacement therapies are all associated with the risk of 
developing disease [ 18 ]. 

 PBC exhibits a number of autoimmune features, including the presence of regu-
latory T cells (T-regs), autoreactive CD8+ cells, B cells, and innate immune mecha-
nism responses against mitochondrial self-antigens, in particular the E2-domain of 
pyruvate dehydrogenase complex; the almost universal presence of auto-antibodies 
reactive with mitochondrial self-antigens links IL-12 signaling pathways to disease 
pathogenesis [ 11 ]. 

 Bile acid therapy with ursodeoxycholic acid (UDCA) remains the only available 
medical intervention. The choleretic effect of UDCA, together with its ability to 
cause a marked shift in the composition of the bile acid pool toward hydrophilicity, 
may account for the benefi cial properties of UDCA; there is also evidence that it has 
direct protective effects at the cellular and molecular levels, including the stabiliza-
tion of hepatocyte membranes, the enhancement of defenses against oxidative 
stress, and the inhibition of apoptosis [ 18 ]. 

 Transplantation is the only effective treatment for those with decompensated cir-
rhosis and/or liver failure, making PBC progression more favorable than other liver 
diseases. About 20–25 % of patients with PBC who undergo LT have recurrent 
 disease over 10 years. Fortunately, recurrent PBC does not affect patient or graft 
survival [ 19 ].  
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14.2.3     Primary Sclerosing Cholangitis 

 PSC is a chronic, idiopathic, cholestasis liver disease that affects the medium-
sized intra- and extrahepatic bile ducts, causing concentric and obliterative infl am-
mation, fi brosis, and multifocal bile duct structuring. PSC is considered an 
“autoimmune disease with atypical features” because it displays several differ-
ences when compared with the classical autoimmune diseases: these include male 
predominance (M:F ratio, 2:1), the absence of disease-specifi c autoantibodies, and 
the poor response to immunosuppression. However, features that suggest an 
immune- mediated origin include the major contribution of risk variants within the 
human leukocyte antigen (HLA) complex, the presence of nonspecifi c autoanti-
bodies, including atypical anti-neutrophil cytoplasmic antibodies (ANCA), and a 
strong association with other autoimmune or immune-mediated disorders which 
occur in approximately 70 % of patients. Most notable is a form of infl ammatory 
bowel disease (IBD), sometimes termed IBD–PSC, which affects up to 90 % of 
patients [ 11 ]. 

 The biliary epithelium appears to be the target for immune-mediated injury char-
acterized by the presence of a mixed predominantly lymphocytic infl ammatory 
infi ltrate surrounding bile ducts in liver specimens [ 20 ]. 

 Recently, it has been reported that patients with PSC show increased numbers of 
Th17 cells in response to heat-inactivated pathogens (present in the bile duct of the 
majority of patients with PSC) relative to healthy controls and patients with PBC. In 
addition, IL-17+ lymphocytes were detected within the periductal areas of patients 
with PSC by immunohistochemical analysis. Th17 cells may contribute to fi brosis 
through production of IL-17A and other cytokines; however, it has not yet been 
clarifi ed [ 13 ]. 

 Despite numerous clinical trials over several decades, safe and effective pharma-
cotherapy remains to be established. Several pharmacotherapies with highly vary-
ing mechanisms of action will likely be investigated over the next 5 years, including 
novel bile acids and antibacterial agents, among others. Progress in therapeutic 
developments can be enhanced by a multifaceted, collaborative approach, including 
better understanding of PSC pathogenesis through basic research, more effi cient 
translation of in vitro and animal model fi ndings to human studies, adequately pow-
ered clinical trials with well-defi ned patient characteristics/subtypes and consistent 
end points, and consideration of combination pharmacotherapy or combined 
pharmacologic–endoscopic treatment studies. 

 IgG4-associated cholangiopathy is an entity often indistinguishable from PSC. It 
has been reported that approximately 10 % of patients with PSC have elevated 
serum IgG4 levels, and an even higher proportion of explanted PSC livers have 
elevated IgG4 deposition in tissue. The signifi cance of this fi nding is not clear. It has 
been reported that such patients have a more severe form of the disease, but a sig-
nifi cant proportion respond to therapy with corticoids [ 17 ].   
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14.3     Antioxidant Therapy in Autoimmune Liver Disease 

 OS present in almost all infl ammatory and autoimmune liver processes has led to 
enthusiasm on the possibility of antioxidant therapy in liver diseases. 

 Therefore, therapeutic approaches that potentiate the generation of free radical 
scavengers may be effi cacious in this disease. For example, in experimental models 
of cholestatic disease, UDCA has been shown to partially prevent hepatic and mito-
chondrial glutathione depletion and oxidation, suggesting that the effi cacy of the 
drug in human patients might also be associated, at least in part, with its antioxidant 
actions [ 21 ]. 

 Similarly, H 2 O 2  derived from Kupffer cells upregulates collagen expression and 
prevents collagen degradation by hepatic stellate cells (HSC). The O 2  affects 
human HSC biology by simulating cell migration and collagen deposition when 
non- cytotoxic levels, similar to those detectable chronic liver infl ammations, are 
used. Conversely, a higher level of O 2 , mimicking conditions of acute liver injury, 
leads to induction of cell death. It should be noted that infl ammation and OS are 
tightly linked together. In a recent study we demonstrated that interfering with the 
mechanisms of infl ammatory cell recruitment, as observed in mice, limits the gen-
eration of intrahepatic OS. According to these results, administration of antioxi-
dants, such as ∝-tocopherol, silymarin, or resveratrol, may prevent fi brosis 
progression [ 22 ]. 

 Strong evidence exists that several agents mediate their action primarily based 
on changes in ROS and the redox state of the cell. These agents include vitamins E 
and C,  N -acetylcysteine (NAC), mitoquinone (MitoQ), and polyenylphosphatidyl-
choline (PPC). Other compounds, such as silimaryn,  s -adenosyl methionine 
(SAMe), and betaine, have additional prominent effects that may be responsible for 
their clinical effects, but there is controversy surrounding the non-antioxidant 
 compounds [ 23 ]. 

 Conversely, in a recent meta-analysis that included 20 randomized trials with 
1,225 participants to compare antioxidant supplements (beta-carotene, vitamin A, 
C, E, and selenium) with a placebo to assess the impact of antioxidant supplements 
on AILDs, viral hepatitis, ALD, and cirrhosis (any etiology), no evidence was found 
to support or refute antioxidant supplements in patients with liver disease [ 24 ]. 
Similarly, Prince et al. tested the effects of 12 weeks of oral antioxidant supplemen-
tation (a combination of vitamins A, C and E, selenium, methionine, and ubiqui-
none) on fatigue or other liver-related symptoms in PBC patients in a double-blind, 
placebo-controlled crossover trial and, although the drug was well-tolerated, no 
improvement in the disease was noted after treatment [ 1 ,  25 ]. 

 The natural and pharmacological antioxidant mechanism, together with the evi-
dence found so far with all the antioxidants tested in treating AILDs, is discussed 
below (Fig.  14.1 )  

14 Oxidative Stress in Autoimmune Liver Disease



332

14.3.1     Antioxidative Therapy in Autoimmune Hepatitis 

     1.     UDCA : The 7-beta epimer of chenodeoxycholic acid is comprised of 2 % human 
bile acid and has several interrelated functions including direct choleretic, anti- 
infl ammatory, and antiapoptotic properties. In the fi rst randomized controlled tri-
als, a clinical and biochemical improvement, with a reduction in the histological 
infl ammation but no effect on the seriousness of the fi brosis, was observed [ 26 ]. 
The combination of specifi c therapeutics for HAI (corticosteroids and azathio-
prine) with UDCA has provided a clear improvement of abnormal liver enzymes, 
with a reduction in histological infl ammation. However, the severity of fi brosis is 
unaffected and UDCA does not permit a reduction in corticosteroid dose.   

   2.     Allopurinol : It acts through the inhibition of xanthine oxidase and inducing pref-
erential azathioprine breakdown leading to higher 6-thioguanine nucleotides 
(6-TGN) and lower yielding 6-methilmercaptopurine (6-MMP). High concentra-
tions of 6-TGN are associated with remission in AIH. It may be safely and effec-
tively optimized in AIH patients with intolerance and/or nonresponse due to an 
unfavorable thiopurine metabolism [ 27 ]. The addition of allopurinol with appro-
priate AZA dose reduction may correct AZA-induced hepatoxicity and induce 
remission as demonstrated in a study by Al-Shamma et al. [ 28 ,  29 ].      

14.3.2     Antioxidant Therapy in Primary Biliary Cirrhosis 

     1.     UDCA : It is the only drug approved for PBC treatment by the FDA. It decreases 
serum levels of bilirubin, alkaline phosphatase (ALP), aminotransferase, choles-
terol, AMA, and IgM; additionally improves liver histology and prolongs 

  Fig. 14.1    Natural and pharmacological antioxidant defense mechanisms       
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 survival free of liver transplantation [ 30 ]. Its effect is dependent on dosage and it 
is most effective in the initial stages of the illness. A complete response defi ned 
as normalized biochemical tests and stabilized or improved liver histology occurs 
in about 30 % of treated patients with PBC. However, the disease progresses in 
many patients who do not present a complete response during UDCA therapy. 
These patients require additional medical treatment [ 19 ]. 

 Studies carried out on rats treated with UDCA showed a reduction in the por-
tal pressure and intrahepatic resistance, protein expression of iNOS and throm-
boxane synthase (TXS), and production of TXA2. Other effects included an 
increase in hepatic glutathione levels and superoxide dismutase activity. In 
UDCA-treated rats, the reduction in portal pressure and intrahepatic pressure and 
increase in antioxidative defense led to the prevention of hepatic fi brosis [ 31 ].   

   2.     Colchicine : Colchicine has a historical role in the treatment of PBC and several 
double-blind prospective trials have found that colchicine decreased serum lev-
els of ALP, and aminotransferases (ALT and AST), although not as effectively as 
UDCA [ 32 ]. The addition of colchicine to UDCA has also been reported to 
improve the liver histological necroinfl ammatory score over a 10-year follow-
 up, but with little or no effect on histological stage or predicted patient survival 
and no additional benefi ts compared with UDCA alone [ 33 – 35  ] . In many of 
these preliminary studies, patients were not receiving the optimum dose of 
UDCA, thus making it diffi cult to draw fi rm conclusions regarding the true effi -
cacy of combination therapy. There, therefore, aren’t enough tests to support the 
use of colchicine in the treatment of PBC [ 36 ,  37 ].   

   3.     Bezafi brate and fenofi brate : Fibric acid derivatives are used to treat hypertriglyc-
eridemia. Their proposed action mechanism in the treatment of PBC involves: 
the regulation of immunomodulatory proteins and lipids expression, down- 
regulation of cholesterol 7 alpha-hydroxylase (an enzyme involved in the synthe-
sis of bile acids), and the reduction of multi-drug resistance genes through the 
activation of the peroxisome proliferator-activated receptor alpha. They assist 
the normalization of the liver enzymes in around 45 % of PBC patients who 
don’t respond to UDCA [ 38 ]. One pilot study showed that the combination of 
fi brics acid and AUDC is also effective in maintaining the normalization of liver 
enzymes [ 39 ]. Despite an improvement in long-term prognosis indicators, the 
effect on histological progression is not clear; an improvement is reported in 
some, while others show deterioration [ 40 ,  41 ].   

   4.     Farnesoid X receptor (FXR) : FXR is a bile acid-activated nuclear receptor, 
expressed in high levels in both the liver and gastrointestinal tract, which regu-
lates bile acid homeostasis (limits hepatic bile acid accumulation and  upregulates 
bilirubin and phospholipid export pumps). It is also involved in antibacterial 
defense and protects against infl ammation. FXR agonists, such as INT-747, may 
point towards a new therapeutic option in UDCA-refractory PBC. Obeticholic 
acid (OCA) is an FXR agonist under investigation for PBC in patients who do not 
respond to UDCA; a multi-center phase III trial is currently on-going [ 19 ,  42 ,  43 ].   

   5.     Modifi cation of UDCA (norUDCA) : A side chain-modifi ed UDCA derivative has 
had therapeutic effects in experimental cholestasis. The relative resistance of 
norUDCA to amidation seems to explain its properties which include the ability 
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to undergo cholehepatic shunting and to stimulate cholangiocyte secretion 
directly. Both properties result in a HCO 3 -rich hypercholeresis that protects the 
liver from cholestatic injury. For this reason, it is being studied in the context of 
PBC treatment [ 44 ].      

14.3.3     Antioxidative Therapy in Primary Sclerosing 
Cholangitis 

     1.     UDCA : Most published studies have demonstrated an improvement in liver func-
tion tests following treatment with UDCA. High doses (25–30 mg/kg/day) also 
improved the Mayo risk score and are effective in reducing the histological 
infl ammatory stage, although in some cases the treatment should be combined 
with endoscopic dilations to increase life expectancy. A multi-center study is 
required to ascertain whether liver transplant indicators are reduced [ 36 ]. 
However, higher doses have a negative long-term effect (including death and 
transplantation). It is therefore prudent to use doses no higher than 15–20 mg/kg/
day, although at this dose, transplant-free survival is not affected [ 45 ]. In a pilot 
study, the combination of UDCA with azathioprine plus prednisone reduced 
transaminase levels and improved the histological damage. UDCA appears to 
prevent the development of colorectal carcinoma and dysplasia in patients with 
UC and PSC. 

 The American Association for the Study of Liver Diseases practice guidelines 
recommend against the use of UDCA in PSC (for treatment of liver disease or 
chemoprevention of colorectal cancer) [ 46 ,  47 ]. Nevertheless, a follow-up study 
recently published a clinical trial of UDCA (17-23 mg/kg/day) in the CEP and 
reported no difference in the frequency of colorectal dysplasia, cancer, or dysplasia/
cancer-free survival for a period of 5 years [ 48 ].   

   2.     Colchicine : Some therapeutic effects were seen in studies in combination with 
prednisone and there was a trend toward less clinical deterioration and death in 
PSC patients [ 49 ]. However, in a randomized test, there was no evidence of col-
chicine having a favorable effect on survival, symptoms, serum biochemistry, or 
liver histology in patients with PSC [ 50 ,  51 ].   

   3.     Modifi cation of UDCA (norUDCA) : The protective effects of norUDCA are the 
result of an increased cholehepatic circulation of norUDCA and stimulation of 
cholangiocyte secretion resulting in cholangiocyto-protective, bicarbonate-rich 
hypercholeresis and less toxic bile acid accumulation. In addition, norUDCA 
has been found to increase expression of effl ux transporter proteins (e.g., mul-
tidrug resistance protein 4, expressed on the cholangiocyte and hepatocyte 
membranes), which may have important detoxifying effects [ 52 ]. Phase II clini-
cal trials are under way to determine the effi cacy of this agent in patients with 
PSC [ 53  ] .   
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   4.     Farnesoid X receptor (FXR) : FXR agonists have potent choleretic activity; so, in 
patients with downstream obstructions (biliary strictures), they might worsen the 
liver disease by increasing biliary pressure. Studies of FXR agonists in patients 
with PSC should therefore be performed with great care [ 52 ]. During a phase II 
clinical trial, the administration of a semi-synthetic derivative of BA 6-ethyl- 
chenodeoxycholic (6-ECDCA) for patients with diabetes, non-alcoholic fatty 
liver disease (NAFLD), and PBC led to encouraging results, despite side effects 
being observed in preclinical studies. Chemical manipulations of the side chain 
and the steroid nucleus of BAs may yield new semisynthetic BA derivatives that 
are more specifi c and selective FXR activators [ 53 ,  54 ].      

14.3.4     Antioxidant Therapy in Overlap Syndromes 
in Autoimmune Liver Disease 

  AIH – PBC overlap syndrome  requires immunosuppressive treatment in addition to 
UDCA. It appears appropriate to start treatment with UDCA (13–15 mg/kg daily). 
However, if this therapy does not induce an adequate biochemical response in 
patients with predominantly hepatitis serum liver tests, a corticosteroid should be 
added. For corticosteroid-resistant patients, intermediate treatment with another 
immunosuppressant, such as cyclosporine A, has been considered. LT is regarded as 
the treatment of choice for end-stage disease [ 12 ]. 

  AIH – PSC overlap syndrome : UDCA has been used in combination with immuno-
suppressive drugs and the long-term course was considered favorable. Thus, UDCA 
in combination with an immunosuppressive regimen may be an adequate medical 
treatment for most patients with AIH–PSC overlap syndrome, although more data 
from controlled trials is required. LT should be considered in late-stage diseases. 
The only licensed therapy for  PBC and PSC  is UDCA [ 11 ,  12 ].  

14.3.5     IgG4-Related Sclerosing Cholangitis 

 IgG4-related sclerosing cholangitis (IgG4-SC) is a recently described biliary disease 
that has unknown etiological features, presents with biochemical and cholangio-
graphic features similar to those of PSC, and is often associated with autoimmune 
pancreatitis and other fi brotic conditions. In this condition, the patient’s IgG4 serum 
level is elevated and IgG4-positive plasma cells infi ltrate into the bile ducts and liver 
tissue. Th2-dominant immune responses or T-reg cells appear to be involved in the 
underlying immune reaction. Therefore, the immunopathogenesis of IgG4-SC appears 
to be distinct from that of PBC and PSC. However, the role of Th17 cells in the patho-
genesis of IgG4-SC has not yet been clarifi ed, and further studies are required [ 13 ].   
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14.4     Other Antioxidants Therapy in Investigation in AILD 

•      Silimaryn : Silimaryn is an active component of the milk thistle plant and has 
been used in the treatment of liver diseases, mainly in ALD [ 55 ]. The active 
component of the licorice root, glycyrrhizin (the same as silimaryn), has also 
been shown to reduce serum ALT and AST values. Silimaryn inhibits immune- 
mediated cytotoxicity against hepatocytes and  NF κ B , which activates genes 
encoding infl ammatory cytokines in the liver [ 56 ]. It is effective in reducing OS 
(protects against lipid peroxidation) and exerts immunomodulatory and antifi -
brotic properties [ 57 ]. Unfortunately, low-dose studies did not provide a benefi t 
to patients [ 1 ]. In the treatment of PBC, the addition of silimaryn to UDCA had 
no additional benefi ts compared with UDCA alone [ 58 ]. 

 In PSC, despite 34 % of patients having a positive response to silimaryn (as 
defi ned by ≥50 % improvement in liver tests), silimaryn has not been tested in 
randomized controlled trials and has not been the subject of further research [ 59 ].  

•    Melatonin : Melatonin is well-known to exhibit strong direct and indirect antioxi-
dant properties. The powerful antioxidant capacity of melatonin is usually attrib-
uted to its potential to eliminate free radicals by the donation of electrons. 
Melatonin may neutralize hydroxyl radicals by forming 3-hydroxymelatonin, 
which is excreted in the urine. Furthermore, melatonin was demonstrated to inter-
act with toxic reactants like peroxyl radicals, singlet oxygen species, and hydro-
gen peroxide. Metabolites of melatonin, including the major hepatic metabolite 
6-hydroxymelatonin, as well as  N -acetyl- N -formyl-5- methoxykynuramine and 
 N -acetyl-5-methoxykynuramine, have been shown to detoxify radicals them-
selves. This powerful pyramid scheme of radical scavenging has been named 
“the antioxidant cascade of melatonin.” 

 In addition to these direct interactions with ROS, melatonin may induce 
upregulation of the activity of antioxidants and antioxidant enzymes, in the envi-
ronment of OS. In addition, the pineal hormone may induce downregulation of 
pro- oxidant enzymes like iNOS and lipoxygenases, thus reducing the formation 
of NO, superoxide anions, and subsequently peroxynitrite anions [ 60 ]. Through 
its pro-infl ammatory action, it may play an adverse role in autoimmune diseases, 
although it has not yet been tested in AILDs [ 61 ].  

•    Docosahexaenoic acid (DHA) : Cystic fi brosis transmembrane conductance 
 regulator (CFTR) dysfunction is associated with PSC in both children and adults. 
CFTR dysfunction leads to altered fatty acid metabolism, specifi cally reduced 
DHA. A pilot study has investigated the hypothesis that DHA supplementation 
might be an effective therapy for patients with PSC. It found that oral DHA sup-
plementation is associated with an increase in serum DHA levels and a signifi -
cant decline in ALP levels in PSC patients. This data supports the need for a 
rigorous trial of DHA therapy in PSC. 

 DHA was shown to reverse the development of bile duct injury. In a recent 
pilot study ( n  = 23), the mean ALP signifi cantly improved after 12 months of 
DHA treatment in PSC [ 62 ].  
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•    Betaine : Betaine is a naturally occurring metabolite of choline which has been 
shown to raise the level of SAMe. SAMe has antioxidant, anti-infl ammatory, and 
anti-fi brotic properties and may in turn play a role in decreasing hepatic steatosis 
[ 63 ]. Its possible action mechanism is to attenuate the hepatic production of NO, 
through the modulation of nitric iNOS [ 64 ]. 

 This antioxidant is being increasingly used. SAMe levels decrease in most 
forms of liver disease, and SAMe plays a vital metabolic role by acting as a 
major methylating agent, as a precursor for glutathione, and in modulating cyto-
kine metabolism, to name only a few of its functions. SAMe therapy has theo-
retic potential benefi ts in ALD, NASH, and hepatitis C [ 4 ].  

•    N-acetylcysteine (NAC) : NAC modulates the expression of iNOS in human 
hepatocytes stimulated with proinfl ammatory cytokines. This effect occurs by 
blocking the activation of the iNOS promoter and is associated with modulation 
of NFκB, a central transcription factor for induction of iNOS expression [ 64 ]. 
NAC dose-dependently attenuated the cytokine-induced activation of the iNOS 
promoter, indicating that the drug exerts its inhibitory effects at the transcrip-
tional level [ 65 ]. As the only member of this group that is itself a reduced thiol, 
it has unique potential to augment glutathione levels and drive protein thiol 
redox reactions to the reduced form [ 23 ]. 

 NAC represents a promising antioxidant category that has received only lim-
ited use in a clinical setting (with the exception of acetaminophen overdose). The 
role of antioxidant therapy as an adjunct to standard antiviral therapy for hepati-
tis C requires further investigation [ 4 ].  

•    D  -Penicillamine : A-penicillamine is an amino acid modifi ed with anti- 
infl ammatory activity and metal chelating properties. The rationale for this 
cupruretic agent was based on the fi nding of increased hepatic copper concentra-
tions in patients with PSC and other chronic cholestatic conditions; in addition, 
aside from its cupruretic properties, penicillamine was known to have immuno-
suppressive effects based on experience in rheumatoid arthritis. In a review of 
Cochrane, it was found that  D -penicillamine did not appear to reduce the risk of 
mortality or morbidity and led to more adverse events in patients with PCB [ 51 , 
 66 ,  67 ]. Toxicity includes mucocutaneous, gastrointestinal, renal, hematological, 
pulmonary, and autoimmune complications. A recent study showed no notable 
evidence of effi cacy in patients with AIH or PBC [ 68 ].  

•    Pentoxifylline : In a pilot study for the treatment of PSC, a 400 mg of  pentoxifylline 
alone did not signifi cantly improve symptoms or liver tests in patients with 
PSC. In addition, side effects included severe nausea and there was no signifi cant 
alteration to symptoms of fatigue or pruritus, serum liver tests, serum TNF-alpha, 
or TNF receptor levels [ 69 ].  

•    PPC : An extract of soybeans, it is another compound that has been evaluated as 
a therapy for ALD. It also has lipid peroxidation chain breaking activity and may 
inhibit ROS generating enzymes [ 23 ,  70 ].  

•    Mitoquinone (Mite) : A mitochondrially targeted antioxidant consisting of a qui-
none moiety linked to triphenylphosphonium by a carbon alkyl chain. Its result-
ing positive charge and lipophilic nature allow it to accumulate in the 
mitochondrial matrix and inner mitochondrial membrane [ 23 ,  71 ].  
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•    Zinc or polaprezinc (combination of zinc and   l  -carnosine) : An antioxidant that 
has been studied as an adjunct to interferon-γ (IFN-γ) in the treatment of chronic 
hepatitis C. The potential benefi cial effects of zinc include: a reduction of hepatic 
fi brosis, decreasing ferritin, antioxidant activity, and an improvement in hepatic 
encephalopathy [ 72 ].  

•    Calcineurin inhibitors : has been studied in de novo AIH after LT, but its effects 
are unclear [ 15 ].  

•    Selenium (selenocysteine) : The 21st genetically encoded amino acid and the 
major form of the antioxidant trace element selenium in the human body. The 
fi nal stage of selenocysteine formation is catalyzed by  O -phosphoseryl-tRNA: 
selenocysteinyl-tRNA synthase (SepSecS), also known as soluble liver antigen/
liver pancreas (SLA/LP), which represents one of the antigens of AIH [ 73 ]. A 
study comparing levels in blood selenium, glutathione peroxidase, and glutathi-
one observed that whole-blood, plasma selenium, and glutathione concentrations 
were signifi cantly lower in patients with chronic liver disease (including AILD) 
compared with the controls [ 74 ].  

•    Curcumin : Curcumin is a polyphenol extracted from the plant curcuma longa 
which exhibits a number of pharmacological properties and has been used for the 
treatment of infl ammatory diseases via its potential to modulate the biological 
activity of a number of signaling molecules. However, the potential protective 
effects of curcumin in infl ammatory liver diseases have not been clearly eluci-
dated. In animal models, it was found that curcumin pretreatment reduced hepatic 
OS and pro-infl ammatory cytokines, including TNF-α, IFN-γ, and T cell- 
mediated hepatitis, and decreased serum ALT levels, associated with reduced 
hepatic necrosis, apoptosis, and mortality [ 75 ]. 

 The curcumin treatment signifi cantly improved endothelial function and 
reduced OS (malondialdehyde) and infl ammatory markers (IL-6, TNF-α, endo-
thelin-1) in type 2 AIH patients [ 76 ].  

•    Vitamin E (alpha-tocopherol) : It serves as an antioxidant by complexing with 
unpaired electrons and therefore stabilizing free radical compounds and prevent-
ing lipid peroxidation [ 77 ]. Effects observed included a decrease in the produc-
tion of tumor necrosis factor-β (TNF-β) in alcoholic hepatitis and the prevention 
of HSC activation in chronic hepatitis C [ 23 ]. 

 Vitamin E is possibly the most widely used antioxidant. Initial pilot studies 
 demonstrated that vitamin E decreased liver enzymes, improved histology in 
some patients, and downregulated transforming growth factor β-1, a profi brotic 
cytokine. However, small randomized trials produced more variable results. In 
the treatment of NASH, vitamin E plus pioglitazone produced a signifi cant 
decrease in steatosis and improved pericellular fi brosis, Mallory’s hyalin, and 
glucose clearance as well as decreasing fasting free fatty acid and insulin [ 78 ]. 
Vitamin E has also been used in alcoholic hepatitis and hepatitis C and is widely 
used by many liver patients as an anti-infl ammatory and anti-fi brotic agent [ 79 ]. 
However, a recent meta-analysis showed a modest increase in mortality in 
patients receiving high-dose vitamin E supplementation and further investiga-
tion on clinical outcomes is needed [ 4 ].  
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•    Vitamin C or ascorbic acid : Vitamin C serves as an electron donor and can 
thus terminate free radical chain reactions (similar to vitamin E). However, its 
ability to serve as an electron donor makes it possible for it to actually gener-
ate free radicals when at high concentrations in the presence of metal ions 
[ 23 ,  80 ].  

•    Sirolimus : Sirolimus acts by inhibiting the mammalian target of rapamycin 
(mTOR), a protein that modulates the proliferation and survival of activated lym-
phocytes. Its antiproliferative effects were recently shown to improve liver fi bro-
sis and infl ammation in bile duct ligated rats and represent an avenue to be 
explored further in human studies [ 81 ]. It was reported to have been effective as 
a salvage treatment in fi ve patients with post-transplant AIH (de novo AIH) who 
were nonresponders to conventional therapies with prednisone, azathioprine, 
mycophenolate mofeltil, and calcineurin inhibitors [ 82 ]. Consequently, this non- 
standard off-label medication is a theoretical salvage therapy for refractory AIH 
in non-transplant patients.  

•    Fibric acid derivates : These stimulate biliary phospholipid secretion via the per-
oxisome proliferator-activated receptor α-multi-drug resistance protein 3 path-
ways and may also represent putative therapeutic agents in carefully selected 
patients with PSC [ 36 ,  83 ].  

•    Vitamin D : This vitamin exhibits immune-modulatory and anti-proliferative 
effects through vitamin D receptor (VDR) in diseases. Calcitriol has been shown 
to downregulate intracellular Toll-like receptors (TLRs) expression in human 
monocytes. TLRs are a group of glycoproteins that function as surface trans- 
membrane receptors, are involved in the innate immune responses to exogenous 
pathogenic microorganisms, and have an important role in liver infl ammation 
and injury. Calcitriol suppresses major histocompatibility complex (MHC) class 
II antigen expression in human mononuclear phagocytes and decreases 
interferon-γ-induced human leukocyte antigen (HLA-DR) antigen expression in 
normal and transformed human keratinocytes. Calcitriol also stimulated the 
expression of high levels of cytotoxic T-lymphocyte antigen 4 (CTLA-4) in 
human CD4+ CD25− T cells. CTLA-4 polymorphisms are associated with type 
1 AIH in northern Caucasian European, Chinese patients, and Argentina chil-
dren. A meta-analysis study demonstrated that CTLA-4 gene +49A/G polymor-
phisms may be associated with the susceptibility of patients with type 1 AIH, 
while A/A genotype may be protective against type 1 AIH [ 84 ]. 

 A defi ciency in vitamin D levels or VDR is common in autoimmune diseases, 
with multiple sclerosis being one of the best-studied and well-known examples 
[ 85 ]. Many studies have evaluated the association between many functional 
polymorphisms in the VDR gene and PBC or AHI risk [ 36 ]. Further evaluation 
of these fi ndings is needed in larger studies. Although low levels of vitamin D, as 
well as mutations in the VDR genes, have been found to be a feature of PBC 
patients, it should also be noted that defi ciencies in vitamin D are a feature of 
chronic liver disease in general [ 86 ].        
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    Chapter 15   
 Oxidative Stress and Hepatic Iron Overload 

             S.     Pelusi     ,     L.     Valenti     , and     Silvia     Fargion    

15.1             Iron Metabolism 

15.1.1     Iron Distribution and Absorption 

 The human body contains approximately 3–5 g of iron. Approximately 60–70 % of 
body iron is employed within hemoglobin; other iron-rich organs are the liver and 
muscles. Approximately 20–30 % of body iron is stored in hepatocytes and in mac-
rophages, to a large extent within polymers of ferritin. The remaining is primarily 
localized in myoglobin, cytochromes, and iron-containing enzymes. A healthy indi-
vidual absorbs daily 1–2 mg of iron from the diet, which is utilized to compensate 
non-specifi c iron losses by desquamation of enterocytes and epidermis and, in 
childbearing aged women, by periods. 

 An average daily Western diet contains approximately 15 mg of iron, from which 
only 1–2 mg is absorbed in the duodenum and jejunum. Two thirds from absorbed 
iron derives from heme, mainly from myoglobin and hemoglobin of animal origin. 
The inorganic iron is not effi ciently absorbed. The low gastric and duodenal pH dis-
solves ingested inorganic iron and facilitates its enzymatic reduction to the ferrous 
form by the ferrireductase on the enterocyte brush border (DCYTB, duodenal cyto-
chrome b). Ferrous iron is transported across the apical membrane by DMT1 (diva-
lent metal transporter-1). Inside absorptive enterocytes, heme iron is enzymatically 
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released by heme oxygenase-1 (HO-1) and follows the fate of inorganic iron: it is 
either stored in ferritin or transported across the basolateral membrane to plasma 
transferrin (TF). The transport across the basolateral membrane is mediated by 
Ferroportin-1 (Fp-1 or SLC40A1), a protein expressed in Kupffer cells and on the 
basolateral membrane of enterocytes, macrophages, placental cells, and hepato-
cytes. Then, ceruloplasmin or hephaestin converts ferrous iron to ferric state while 
it is still associated to TF. Ferric iron binds to plasmatic apotransferrin to form ferric 
iron–TF complex, which is the major type of iron present in blood. A small amount 
of iron circulates bound to albumin or other small molecular weight ligands, such as 
citrate salts. The TF complex facilitates the transport of iron to cells that express 
transferrin receptors, including erythroid progenitors, and limits the ability of iron 
to generate toxic radicals.  

15.1.2     Iron Storage and Recycling 

 Not all absorbed iron is utilized in metabolic processes, but it is partly stored as 
reserve, both for use when iron levels are low, and to prevent toxic effects of free 
iron in the cell. Stored iron accounts for 20–30 % of body iron, and the major part 
of it is bound to ferritin. Ferritin is an ubiquitous multimer made up of two different 
isoforms: H and L ferritin. H ferritin possesses ferroxidase activity that facilitates 
the oxidation of the cytosolic ferrous iron to the ferric state. Iron is also stored in an 
insoluble form into a protein, named haemosiderin, likely derived from the lyso-
somal degradation of ferritin. Under iron overload conditions, ferritin levels increase 
dramatically, particularly in liver, pancreas, and heart. 

 Intestinal absorption accounts for only a fraction of TF-bound iron in the circula-
tion. Recovery of iron from senescent erythrocytes plays a key role in iron homeo-
stasis. At the end of their lifespan, human erythrocytes undergo surface alterations 
that make them to be recognized, phagocytosed, and digested by reticulo- endothelial 
macrophages in the spleen and liver.  

15.1.3     Hepcidin and Systemic Iron Homeostasis 

 Systemic iron homeostasis is achieved by modulation of the amount of iron 
absorbed in response to “storage regulators,” “erythroid regulators,” “infl amma-
tory regulators,” and hypoxia regulatory signals. The amount of body storage 
modulates iron uptake: it is well-established that in iron-defi cient conditions, iron 
absorption is signifi cantly stimulated by two- to threefold compared to basal con-
ditions, which are restored when iron storage are reconstituted. The erythropoietic 
regulation participates when iron demand for hemoglobin synthesis increases, 
independently of body iron stores. This mechanism can explain the pathological 
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iron accumulation observed in disorders characterized by ineffective erythropoi-
esis (such as thalassemia syndromes, congenital dyserythropoietic anemias, sid-
eroblastic anemias). Moreover, a new hormone, erythroferrone (ERFE), mediating 
hepcidin suppression during stress erythropoiesis and produced by erythroblasts 
in response to erythropoietin, has been recently identifi ed. It has been shown that 
ERFE production is increased in mice with thalassemia intermedia, where it 
causes hepcidin suppression and the systemic iron overload characteristic of this 
disease [ 20 ]. 

 The infl ammatory regulators as well as the storage regulators are mediated by 
hepcidin [ 32 ]. 

 Hepcidin-mediated regulation of iron metabolism has been demonstrated to 
depend upon its ability to bind Fp-1 on cellular surface blocking its iron transport 
activity and to increase Fp-1 endocytosis and consequently its degradation by lyso-
somes [ 28 ]. In enterocytes, Fp-1 internalization on the basolateral surface causes 
the retention of absorbed iron with subsequent loss by desquamation, while the 
same process in macrophages causes the failure to release iron [ 31 ]. The fi nal 
effect is the reduction of plasma iron availability. Indeed, mutations of  HAMP , the 
hepcidin gene, cause severe early-onset hereditary hemocromatosis (HH) in 
humans, whereas deletion of  Hamp  in animal models brings to severe iron accumu-
lation [ 21 ]. 

 It is still not clear how systemic iron demand modulates hepcidin release by the 
liver. A number of molecules have been implicated in different ways in the transduc-
tion of the signal: the alteration of each of these molecules causes an insuffi cient 
release of hepcidin resulting in a deregulated iron fl ux from macrophages and 
enterocytes, which fi nally brings to iron overload in blood circulation and fi nally in 
tissues. Hepcidin release may be impaired by genetic factors, i.e., mutations inacti-
vating  hepcidin  ( HAMP ),  hemojuvelin  ( HJV ),  HFE  or  transferrin receptor-2  ( TFR- 2  ), 
or by non-genetic factors: alcohol abuse (that inhibits hepcidin transcription), viral 
infections such as chronic HCV hepatitis, acute liver insuffi ciency and cirrhosis 
(because of the reduced hepcidin synthesis by hepatocytes). In addition, mutations 
in the  FPN1  gene, encoding for Fp-1, which bring to insensitivity to hepcidin action, 
are as well responsible for hereditary forms of overload [ 22 ].   

15.2     Chemical Properties, Biological Functions, 
and Toxicity of Iron 

 The biological functions of iron are based on its chemical properties, in particular 
on the capacity to form a variety of coordination complexes with organic ligands in 
a dynamic and fl exible mode and by its favorable redox potential to switch between 
the ferrous, Fe(II), and ferric, Fe(III), states. Iron is associated to heme and non- 
heme complexes. The hemoproteins are hemoglobin and myoglobin, cytochromes, 
and some enzymes, such as oxygenases, peroxidases, nitric oxide (NO) synthases, 
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or guanylate cyclase. All these proteins contain heme as prosthetic group, which is 
composed of protoporphyrin IX and a ferrous ion and is involved in oxygen trans-
port to muscles and tissues (hemoglobin and myoglobin), in the respiratory chain 
(e.g., cytochromes a, b, and c), in the activation of substrates by oxygen (e.g., cyto-
chrome oxidase, cytochrome P450, catalase), and as a NO sensor (guanylate 
cyclase). The most prevalent forms of non-heme iron are metallo-proteins with 
iron–sulfur clusters, which are involved in the respiratory chain (e.g., in complex 
III), DNA synthesis (e.g., ribonucleotide reductase), and in the infl ammatory 
response (e.g., cyclo-oxygenases and lipoxygenase). It should also be noted that 
non-heme iron has a central function in a recently discovered mechanism for oxy-
gen sensing, via the hypoxia-inducible factor (HIF), which controls the transcrip-
tion of a wide array of genes involved in erythropoiesis, angiogenesis, cell 
proliferation/survival, glycolysis, and iron metabolism in response to oxygen 
availability. 

 The effi ciency of the redox reaction between ferrous and ferric ions is a funda-
mental feature for many biochemical reactions. However, this property turns iron 
into a potential biohazard in the cell, because under aerobic conditions, iron can 
readily catalyze the generation of noxious radicals. Iron toxicity is largely based on 
the Fenton reaction, where catalytic amounts of iron are suffi cient to yield hydroxyl 
radicals, collectively known as reactive oxygen intermediates (ROIs), from super-
oxide and hydrogen peroxide. ROIs are inevitable products of aerobic respiration in 
mitochondria and can be also generated during enzymatic reactions in peroxisomes, 
in the endoplasmic reticulum, or in the cytoplasm. ROIs are also produced by the 
membrane-bound NADPH oxidase complex, mainly expressed in phagocytic neu-
trophils and macrophages during infl ammation and involved in the antimicrobial 
defense. Reactive oxygen species (ROS) include a variety of molecular species, such 
as hydrogen peroxide (H 2 O 2 ), singlet molecular oxygen (O  •  ), hydroxyl (OH  •  ), 
superoxide (O 2   •  ), alkoxyl (RO  •  ), peroxyl (ROO  •  ), and nitric oxide (NO  •  ) radicals. 
Free radicals can promote the oxidation of proteins, peroxidation of membrane lip-
ids, and modifi cation of nucleic acids. An increase in the steady state levels of ROS 
beyond the antioxidant capacity of the organism, so-called oxidative stress, is 
observed in many pathological conditions, such as chronic infl ammation, ischemia–
reperfusion injury, or neurodegeneration. 

 In limited controlled amounts, ROS play a role in physiologic pathways, such as 
signal transduction and redox regulation of cell proliferation and apoptosis. Because 
of their short half-life, small size, and highly diffusible nature, ROS are excellent 
candidates for second messenger function. Many events of cell regulation, such as 
protein phosphorylation and binding of transcription factors to DNA, are driven by 
physiologic oxidant–antioxidant homeostasis. As to the regulation of gene expres-
sion, several transcription factors have been identifi ed as being regulated by the 
intracellular redox state. Binding sites of the redox-regulated transcription factors, 
nuclear factor-kappa B (NF-κB) and c- fos /c- jun,  are located in the promoter region 
of a variety of genes such as cytokines, adhesion molecules, chemokines, and major 
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histocompatibility complex proteins, which are directly involved in immune 
response, apoptosis, infl ammation, and fi brogenesis [ 19 ]. 

 Under normal conditions, the concentration of ROS in the cell is kept fairly 
constant by enzymatic (e.g., superoxide dismutases, glutathione peroxidases, and 
catalase) and nonenzymic (e.g., α-tocopherol, β-carotene, and glutathione) activi-
ties that are able to get rid of unwanted ROS and generate nontoxic by-products. 
In addition to cellular or plasma antioxidants, the modulation of iron availability is 
the main mean, by which cells keep ROS levels under strict control. This is because 
the appropriate sequestration of iron may allow the physiologic roles of the rela-
tively safe O 2  and H 2 O 2  to take place without production of the highly reactive OH  •   
by Fenton chemistry [ 16 ]. On the other hand, excess of redox active iron aggravates 
oxidative stress and leads to an accelerated tissue degeneration such as liver fi bro-
sis. Thus, under physiological conditions, extracellular iron is exclusively bound to 
TF, which maintains iron soluble and nontoxic.  

15.3     Primary Iron Overload 

 The transcription and secretion of hepcidin by the liver is regulated by a mecha-
nism of body iron sensing and by a group of proteins, including the hereditary 
hemochromatosis protein called HFE, TFR-2, HJV, bone morphogenetic protein 6 
(BMP6), matriptase-2 (TMPRSS6), and TF. Mutations in  HFE ,  TFR-2 ,  HJV,  and 
the hepcidin gene ( HAMP ) are responsible for hereditary hemochromatosis (HH), 
a common iron overload disorder characterized by a defi cit of hepcidin release or 
activity [ 5 ,  31 ]. 

  HFE  mutations represent the most frequent cause of HH in Caucasian adults 
[ 12 ]. The most common  HFE  mutation responsible for HH is a single nucleotide 
substitution that causes the substitution of a cysteine with a tyrosine at position 282 
(C282Y). The homozygous genotype is very frequent in Caucasians, particularly in 
people from Northern Europe (frequency 1/300–400), whereas the prevalence 
decreases towards Southern Europe. The C282Y substitution brings to HFE mys-
folding, abrogating cell surface expression. A second and most frequent mutation is 
a substitution at position 63 of a histidine with an aspartate (H63D), which likely 
interferes with the ability of HFE to interact with transferrin receptor-1 (TFR-1). 
This is a very common polymorphism in the general population, as 25–30 % of the 
population carries the H63D variant, but its contribution to the pathogenesis of HH 
and iron overload syndromes is negligible, with the exception of compound hetero-
zygosity for the C282Y/H63D variants. The penetrance of HH depends on age, 
gender, environmental factors, and on the role of the so-called modifi er genes [ 46 ]. 
In fact, only 30 % of C282Y homozygotes will develop a phenotype compatible 
with HH, thus implying that genetic and environmental factors play a major role. 
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For example, patients with HH and beta-thalassemia trait develop a more serious 
iron overload and clinical phenotype [ 33 ,  43 ,  44 ]. 

 Mutations of  TFR-2  cause a rare recessive form of HH, clinically similar to 
HFE HH. 

 Many other molecules have been implicated in the regulation of hepcidin secre-
tion. Binding of the iron-regulated BMP6 ligand, a bone morphogenetic protein of 
the TGFβ superfamily, to its threonine/serine kinase receptors (BMPR-I and 
BMPR-II) activates a signaling cascade leading to hepcidin transcription. HJV, a 
GPI-linked membrane protein synthesized by the hepatocytes, is a BMP6 corecep-
tor, which is required for its regulatory functions on iron metabolism. The critical 
role of the BMP6/HJV pathway in iron homeostasis is supported by the loss of 
hepcidin expression and massive parenchymal iron overload observed in  BMP6 −/− 
and  HJV −/− mice [ 1 ] and by the fact that  HJV  mutations represent the major cause 
of juvenile HH. Furthermore, iron overload and increased transferrin saturation 
have been associated with specifi c upregulation of BMP6 in hepatocytes and 
in vivo. 

 Recently, the serine protease matriptase-2 has been connected to this iron regula-
tory pathway because of its ability to cleave HJV [ 25 ]. Matriptase-2 is a type 2 
transmembrane serine protease that is predominately expressed in the liver and was 
characterized as a negative regulator of hepcidin gene expression [ 34 ]. Matriptase-
2- defi cient mice have very high levels of hepcidin, which lead to the inhibition of 
dietary iron absorption and cause a severe iron-defi ciency anemia phenotype. This 
anemic phenotype is mirrored in patients with matriptase-2 mutations, who present 
with iron-refractory iron-defi ciency anemia (IRIDA). Indeed, patients with IRIDA 
show inappropriately high hepcidin levels, which explain the lack of dietary iron 
absorption and the incomplete response to parenteral iron treatment [ 13 ]. 

 HH, due to the C282Y HFE mutation, is the typical model of iron-induced liver 
damage in which progressive iron overload is responsible for liver damage through 
enhanced oxidative stress, whose markers decrease with phlebotomy [ 30 ]. 

 Severe iron overload in HH involves several organs, mainly the liver, endocrine 
glands, and heart. However, the involvement of a specifi c organ varies on the entity 
of iron accumulation, which depends in part also on the specifi c mutation at the 
base of the disease. Usually, the more severe phenotype is observed in the juvenile 
forms versus adult disease [ 31 ]. Besides, also genetic traits such as variations in the 
activity of antioxidant enzymes (e.g., superoxide-dismutase and myeloperoxidase) 
are believed to infl uence the course of HH and the severity of cardiac involvement 
[ 27 ,  41 ].  

15.4     Secondary Iron Overload and Oxidative Stress 

 A mild increase in body iron stores in the general population is more frequently 
related to secondary causes such as alcohol abuse, metabolic syndrome, chronic 
hepatitis C, porphyria cutanea tarda, hemolytic and dyserythropoietic anemias, 
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chronic transfusional therapy, chronic infl ammation, and end-stage renal disease. 
There is growing evidence that the mildly increased amounts of liver iron associated 
to these conditions can cause liver injury via oxidative stress induction. Experimental 
data have recently suggested that ferritin, behaving like a cytokine, may also directly 
induce the fi brogenic process by activating hepatic stellate cells [ 35 ]. 

15.4.1     Chronic Hepatitis C 

 Mild to moderate iron overload is present in 30–40 % of chronic hepatitis C patients 
[ 6 ,  42 ]; in contrast, an association between chronic hepatitis B and iron overload has 
rarely been reported. 

 Interestingly, recent data in experimental animal models suggest that HCV 
infl uences the transcription of hepcidin [ 29 ] and oxidative stress has been proposed 
as a major mechanism of liver injury in chronic HCV hepatitis. It has been demon-
strated that HCV-induced ROS raise hepatic iron levels in mice by reducing hepci-
din transcription [ 23 ]. It has also been hypothesized that the derangement in iron 
metabolism and possibly of hepcidin transcription in these patients could be related 
to dysregulation of HFE expression and activity due to the direct action of the virus 
on MHC-like molecule (which include HFE), as a mean to escape cellular immune 
response [ 4 ]. 

 Since only about one third of HCV-positive patients have iron overload, it is 
very likely that additional factors are involved, and among the possible candidates 
are genetic factors able to interfere with iron metabolism. Several studies have 
focused on the possible role of  HFE  mutations, but contrasting results have been 
reported [ 40 ,  42 ]. More recently, the presence of beta-globin mutations, a common 
genetic factor in the Mediterranean area, was independently associated with 
increased hepatic iron concentrations in patients affected by chronic hepatitis C 
and  beta- globin   genes mutations being independent predictors of the severity of 
fi brosis [ 36 ,  42 ]. 

 Whatever the exact mechanisms responsible for increased iron in chronic hepa-
titis C patients are, once present, they have been reported to exert a negative infl u-
ence on liver fi brosis progression, particularly in conditions of long-lasting iron 
overload [ 40 ].  

15.4.2     Non-alcoholic Fatty Liver Disease 

 Increased serum ferritin is detected in more than 30 % of the patients with NAFLD 
and a syndrome termed insulin resistance or dysmetabolic hepatic iron overload has 
been described in patients with mild to moderate iron overload associated with 
features of insulin resistance [ 24 ]. Iron overload has been hypothesized to induce 
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insulin resistance by catalyzing oxidative stress in the liver and metabolic active 
tissues [ 8 ,  18 ]. 

 The mechanisms implicated in increased susceptibility to iron accumulation in 
NAFLD likely involve, similarly to what observed in chronic hepatitis C, dysregu-
lation of hepcidin transcription mediated by infl ammation and micronutrient 
imbalance [ 3 ]. 

 In an attempt to explain the cause of increased ferritin in a proportion of patients 
with NAFLD, several studies analyzed whether  HFE  gene mutations may be 
 responsible for the increased iron tests, but confl icting data have been reported. 
Hepatocellular iron accumulation has been demonstrated to be associated to a 
higher risk of moderate/severe fi brosis compared to the absence of siderosis, 
whereas non-parenchymal siderosis was not associated with fi brosis [ 43 ,  44 ]. 
Hepatocellular siderosis was more prevalent in patients carrying HFE mutations, 
but only one third of patients carrying HFE mutations had hepatocellular iron accu-
mulation. Moreover, a prominent role is played by beta-globin mutations [ 43 ,  44 ] 
and  TMPRSS6  A736V polymorphism [ 45 ]. 

 Some evidences have been shown that iron depletion may be benefi cial in 
NAFLD and acts by increasing insulin sensitivity [ 9 ]. Furthermore, ferritin levels 
and body iron stores have also been recently associated with the severity of athero-
sclerosis, the leading cause of death in patients with NAFLD [ 43 ,  44 ], suggesting 
that iron depletion may also infl uence the impact of extrahepatic cardiovascular 
complications of the metabolic syndrome.  

15.4.3     Alcoholic Liver Disease 

 Subjects with alcohol abuse often present with increased transferrin saturation, 
serum ferritin levels, and hepatic siderosis. Alcohol abstinence is usually followed 
by a fast decrease in iron values. The mechanisms by which alcohol is able to inter-
fere with iron metabolism are not fully clear, but oxidative stress certainly plays a 
key role in the pathogenesis of alcoholic liver disease. Iron itself can induce oxida-
tive stress in this condition by catalyzing the conversion of superoxide and hydro-
gen peroxide to more potent oxidants such as hydroxyl radicals with consequent 
damage to different cell structures and leading to the dysregulation of hepcidin 
release [ 17 ]. In addition to hepatocytes, non-parenchymal cells are capable of 
releasing ROS and may thereby contribute to parenchymal cell necrosis or disease 
progression. In particular, Kupffer cells are activated by a variety of stimuli to 
release ROS, such as opsonized zymosan, phorbol esters, and lipopolysaccharide 
[ 37 ]. The effect of lipopolysaccharide on Kupffer cell biology is a key event in the 
pathogenesis of alcoholic liver fi brogenesis. Thus, iron can play a major role in the 
pathogenesis of alcohol liver disease by exacerbating oxidative stress and acting 
synergistically with alcohol to cause liver injury and fi brosis.   
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15.5     Hepatocellular Carcinoma and Oxidative Stress 

 Hepatocellular iron accumulation, whether due to HH or acquired factors, is a 
frequent cause of liver damage and has been associated with increased risk of 
developing hepatocellular carcinoma (HCC) [ 10 ]. Moreover, increased iron store 
has been reported to be a risk factor for other neoplasia, such as breast and colon 
cancer [ 14 ], whereas iron reduction therapy has been associated with a decreased 
incidence of cancer [ 47 ]. 

 A direct role of iron in hepatic carcinogenesis has been shown in an animal 
model where pre-neoplastic nodules and HCC developed in rats fed with an iron- 
rich diet [ 2 ]. 

 The molecular pathways underpinning iron-driven carcinogenesis involve both 
neoplasia initiation by the mutagenic activity of oxidant species and promotion by 
concurrent stimulation of hepatocellular proliferation. Iron-related carcinogenesis 
is physiologically contrasted by the oncogene MDM2 (murine double minute 2), by 
regulation of p53, and consequently of antioxidant response and apoptosis [ 7 ]. 
It was shown that a MDM2 promoter polymorphism associated with higher MDM2 
expression and inhibition of p53 infl uenced the risk of developing HCC in patients 
with liver cirrhosis and iron overload [ 7 ]. 

 Recent evidences, moreover, show that liver iron overload may be associated 
with development of HCC in NASH-related cirrhosis also in vivo [ 38 ]. 

 Interestingly in a recent prospective study in which the relation between liver 
iron, HFE gene mutations, and HCC was analyzed, it was demonstrated that liver 
iron accumulation and the C282Y mutation are independent risk factors for HCC in 
patients with alcoholic cirrhosis and/or NASH [ 26 ]. A possible explanation was that 
iron and alcohol act synergistically in inducing free radicals formation which trig-
ger the carcinogenic process. In the presence of polymorphisms of genes involved 
in free radicals detoxifi cation, patients with cirrhosis secondary to alcohol, in the 
presence of a minor increase of iron, are at high risk of developing HCC [ 11 ,  39 ]. 
Similarly, an interaction has been reported between HFE mutations and viral infec-
tion in HCC pathogenesis [ 15 ].  

15.6     Conclusions 

 In conclusion, genetic and environmental factors such as diet, alcohol intake, and 
chronic viral hepatitis can all facilitate iron overload. 

 Because of iron capability to catalyze redox reactions, ROS are produced leading 
to oxidative stress and consequent cell damage. In particular, in the liver, ROS- 
induced cytokines secretion activates hepatic stellate cells which initiate fi brogen-
esis. Together with ROS-mediated DNA damage, this has been demonstrated to 
increase the risk of HCC and other neoplasms. 

 A working model illustrating the role of iron in the pathogenesis of progressive 
liver disease via oxidative stress is shown in Fig.  15.1 .      
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    Chapter 16   
 Oxidative Stress in the Central Nervous 
System Complications of Chronic Liver 
Failure 

             Chantal     Bemeur     

16.1             Introduction 

 Chronic liver failure is the process of progressive destruction and regeneration of 
liver parenchyma leading to fi brosis and cirrhosis and would be responsible for an 
estimated 10.4, 7.3 and 5.3 deaths per 100,000 population in Europe, United States, 
and Canada, respectively [ 1 – 3 ]. The end-stage process of liver degeneration and 
failure, or cirrhosis, is the fi nal common pathway of most forms of liver disease. 
Chronic liver failure may be caused by several conditions including, among others, 
alcohol, virus, non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steato- 
hepatitis (NASH), biliary disease as well as metabolic disorders. Many complica-
tions may arise from chronic liver failure, including portal hypertension, impaired 
metabolic capacity, synthesis dysfunction, malnutrition, ascites, hepatorenal syn-
drome, increased risk for the development of hepatocellular carcinoma as well as 
hepatic encephalopathy (Fig.  16.1 ).  

 Hepatic encephalopathy, which is observed in approximately 80 % of patients 
with chronic liver failure [ 4 – 6 ], is a debilitating neuropsychiatric complication of 
liver disease. Characterized by a constellation of symptoms, including cognitive, 
psychiatric, and motor disturbances, hepatic encephalopathy can progress to 
coma and death. Hepatic encephalopathy encompasses several clinical signs such 
as asterixis, stupor, seizures, and coma; its severity is usually graded with the 
West Haven Criteria (Table  16.1 ) [ 7 ]. However, in order to address the universal 

        C.   Bemeur ,  Dt.P., Ph.D.      (*) 
  Department of Nutrition, Montréal University Health Center (CHUM) , 
 Université de Montréal ,   900, rue Saint-Denis, Tour Viger, R12.458 , 
 Montréal ,  QC ,  Canada   H2X 0A9   
 e-mail: chantal.bemeur@umontreal.ca  

mailto:chantal.bemeur@umontreal.ca


358

concern about the accuracy of the West Haven scale in diagnosing the severity of 
overt hepatic encephalopathy, the International Society for Hepatic Encephalopathy 
and Nitrogen metabolism (ISHEN), the offi cial authority for issuing updates on 
terminology regarding hepatic encephalopathy, has recently proposed a revised 
classifi cation (Fig.  16.2 ) [ 8 ]. Overall, hepatic encephalopathy has a signifi cant 
impact on patients’ quality of life and on their ability to function daily. 
Furthermore, hepatic encephalopathy leads to a poor prognosis and a greater risk 
of mortality [ 9 ]. This chapter will summarize the involvement of oxidative stress 
in the pathogenesis of hepatic encephalopathy, its consequences, and its potential 
role in therapeutic strategy.

Alcohol
Virus

NAFLD
NASH

Biliary disease
Metabolic disorders

Portal hypertension
Impaired metabolic capacity

Synthesis dysfunction
Malnutrition

Ascites
Hepatorenalsyndrome

Hepatocellular carcinoma
Hepatic encephalopathy

CHRONIC LIVER
FAILURE

  Fig. 16.1    Etiologic factors of chronic liver failure and resulting complications ( NAFLD  non- 
alcoholic fatty liver disease,  NASH  non-alcoholic steato-hepatitis)       

   Table 16.1    Grading of hepatic encephalopathy according to the West Haven criteria   

 Grade  Symptom 

 0  No signs or symptoms 
 I  Disturbed sleep-wake rhythm, restless, euphoria, anxiety, aimless, shortened 

attention span, trivial lack of awareness, impaired performance of addition 
 II  Lethargia or apathy, overt personality changes, disorientation for time/space, 

fl apping, memory weakness, impaired performance for subtraction 
 III  Somnolence, stupor, confusion, disturbed articulation, responsive to verbal stimuli 
 IV  Coma 

No HE Covert HE
(MHE + Grade I HE)

Moderate OHE
(Grade II HE)

Severe OHE
(Grade III HE)

Comatose OHE
(Grade IV HE)

MILD SEVERE

  Fig. 16.2    Proposed ISHEN classifi cation [ 8 ]. ( HE  hepatic encephalopathy,  MHE  minimal HE, 
 OHE  overt HE)       
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16.2         Pathogenesis of Hepatic Encephalopathy 

 The pathophysiologic basis of hepatic encephalopathy is multifactorial and remains 
unclear. However, there is general agreement that ammonia plays a key role [ 10 ]. 
Ammonia accumulates in the brain in chronic liver failure leading to impaired bio-
energetics [ 10 ,  11 ], altered neurotransmission [ 11 – 13 ], activation of peripheral ben-
zodiazepine receptors [ 12 ,  14 ], leading to the synthesis of neurosteroids [ 15 ] as well 
as glutamate-mediated excitotoxicity [ 16 ,  17 ] and excessive production of gluta-
mine [ 18 ,  19 ]. However, in the setting of chronic liver failure, the correlation 
between ammonia and severity of hepatic encephalopathy remains inconclusive 
[ 20 ,  21 ], suggesting that other pathogenic factors may be implicated. In recent 
years, oxidative stress has also been suggested to be part of the pathophysiologic 
cascade in hepatic encephalopathy. Among the factors responsible for oxidative 
stress development in the setting of hepatic encephalopathy are ammonia, manga-
nese, intracellular calcium, mitochondrial permeability transition (MPT), electron 
transport chain,  N -methyl  D -aspartate (NMDA) receptors, peripheral benzodiaze-
pine receptor, nuclear factor-Kappa B, infl ammation, and glutamine. Data from the 
literature suggests that the relationship between these factors and oxidative stress in 
the pathogenesis of hepatic encephalopathy is complex. However, a detailed review 
of these factors in relation to hepatic encephalopathy is beyond the scope of this 
chapter. In the present chapter, these factors will be tackled emphasizing the impli-
cation of ammonia and manganese-induced oxidative stress in relation with hepatic 
encephalopathy.  

16.3     Oxidative Stress in Hepatic Encephalopathy 

 Oxidative stress, a condition in which the production of free radicals is far in excess 
of their rate of detoxifi cation by endogenous mechanisms [ 22 ], refers to a state in 
which tissue and cellular redox balance is altered towards a more oxidizing envi-
ronment [ 23 ,  24 ]. Precisely, oxidative stress results from an imbalance between the 
generation of reactive oxygen species and the cellular antioxidant defense capacity, 
potentially able to affect molecular structure and function. Reactive oxygen spe-
cies include, among other, hydrogen peroxide (H 2 O 2 ), hydroxyl radical ( • OH), 
superoxide anion (O 2  •− ), and peroxynitrite (ONOO − ). These reactive oxygen inter-
mediates, which play important roles in cell signaling [ 25 ], are highly reactive due 
to the presence of unpaired valence shell electrons and are constantly produced 
during oxygen metabolism. However, in excess, reactive oxygen species are very 
harmful to the cell, for their reaction with cellular structures and macromolecules, 
and lead to cellular dysfunction. Indeed, oxidative stress affects major cellular 
components, including lipids, proteins, and DNA. In addition, the brain is abso-
lutely dependent upon oxidative metabolism for cell survival and, being a highly 
aerobic tissue accounting for 20 % of total oxygen consumed by the body, is prone 
to dysfunction due to oxidative stress. 
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 The neuropathology of hepatic encephalopathy in chronic liver failure reveals 
primarily changes in astrocytes (glial cells of the central nervous system) including 
cell swelling which consequently leads to brain edema [ 26 – 28 ]. Specifi cally, hepatic 
encephalopathy resulting from chronic liver failure refl ects the clinical manifesta-
tion of a low-grade cerebral edema that develops after exhaustion of the volume- 
regulatory capacity of the astrocytes in response to ammonia and other hepatic 
encephalopathy-precipitating factors (e.g., infl ammation, infection, hyponatremia) 
[ 29 ,  30 ]. As a consequence, astrocyte swelling triggers a complex signaling cascade 
which relies on NMDA receptor activation and elevation of intracellular calcium 
concentration, which result in increased formation of reactive oxygen species 
through activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase and nitric oxide synthase (NOS) [ 29 ,  31 ]. Since oxidative stress in turn 
 promotes astrocyte swelling, a self-amplifying signaling loop between osmotic- and 
oxidative stress is proposed [ 31 ,  32 ]. Among the consequences of this oxidative 
stress response are protein-tyrosine nitration, oxidation of RNA, and activation of 
Zn 2+ -dependent transcription [ 31 – 35 ]. 

16.3.1     Ammonia-Induced Oxidative Stress in Hepatic 
Encephalopathy 

 Evidence for the involvement of oxidative stress in hepatic encephalopathy initially 
arose from the observation that Alzheimer type II astrocytes, a distinctive neuro-
pathologic fi nding in brains of patient with hepatic encephalopathy, contain large 
amounts of lipofuscin pigments [ 36 ], consisting of peroxidized lipids [ 37 ]. Excessive 
amounts of lipofuscin pigments were also detected in ammonia-treated astrocyte 
cultures [ 37 ,  38 ]. Subsequently, more than 20 years ago, O’Connor and Costell [ 39 ] 
postulated that oxidative stress is implicated in the pathophysiologic mechanisms 
responsible for hepatic encephalopathy. They reported that hyperammonemic mice 
displayed evidence of lipid peroxidation in the brain [ 39 ]. Since these fi ndings have 
been reported, substantial evidence from cell cultures and animal studies for an 
important role of hyperammonemia and oxidative stress in the pathogenesis of 
hepatic encephalopathy has been reported. 

16.3.1.1     In Vitro Evidence of Ammonia-Induced Oxidative 
Stress in Hepatic Encephalopathy 

 Much of the evidence for a role of oxidative stress in ammonia neurotoxicity has 
been derived from cell culture studies [ 40 ]. Evidence suggests a close interrelation 
between astrocyte swelling, a characteristic feature of hepatic encephalopathy, and 
the production of reactive oxygen species leading to oxidative stress [ 41 ]. Specifi cally, 
astrocytes have been suggested to be a major source of reactive oxygen species under 
simulated hepatic encephalopathy conditions [ 41 ,  42 ]. Indeed, astrocytes exposed to 
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a pathophysiological concentration of ammonia were found to stimulate the production 
of free radicals and reactive oxygen species. In hypoosmotically treated cultured rat 
astrocytes, a NMDA receptor-dependent elevation of the intracellular calcium con-
centration was identifi ed to be essential to swelling- dependent reactive oxygen spe-
cies generation [ 43 ]. Ammonia-induced free radical generation via the activation of 
NADPH oxidase was observed in cultured astrocytes [ 42 – 44 ], while astrocyte swell-
ing triggers a p47(phox)-dependent NADPH oxidase-catalyzed reactive oxygen spe-
cies production [ 31 ]. In addition, in astrocyte cultures exposed to ammonia, increased 
heme oxygenase-1 (HO-1) [ 44 ] and inducible NOS (iNOS) expression as well as 
nitric oxide production were identifi ed [ 34 ,  45 ]. Ammonia has also been shown to 
signifi cantly increase soluble guanylyl cyclase [ 46 ], a source of nitric oxide, and 
decrease cellular glutathione (GSH) level [ 47 ], a major endogenous antioxidant, in 
cultured astrocytes. Furthermore, natriuretic peptides, which are known to attenuate 
the production of reactive oxygen species in other systems [ 47 ,  48 ], were shown to 
reduce the accumulation of reactive oxygen species in ammonia-treated cultured 
astrocytes [ 49 ]. Altogether, these studies suggest that oxidative stress is induced by 
astrocytes in conditions associated with increased levels of ammonia. 

 Another factor by which ammonia and oxidative stress have been related to 
hepatic encephalopathy is the MPT, a calcium-dependent process characterized by 
the opening of the permeability transition pore (PTP) in the inner mitochondrial 
membrane. Oxidative stress triggers the induction of the MPT and, as a conse-
quence, there is an increased permeability to protons, ions, and other solutes 
<1,500 Da [ 50 ], leading to a collapse of the mitochondrial inner membrane poten-
tial. Loss of the mitochondrial membrane potential results in osmotic swelling of 
the mitochondrial matrix, movement of metabolites across the inner membrane, 
defective oxidative phosphorylation, cessation of ATP synthesis, and the generation 
of reactive oxygen species. It was reported that, in cultured astrocytes, oxidative 
stress would be involved in the induction of the MPT by ammonia, suggesting that 
oxidative stress and the subsequent induction of the MPT contribute to the patho-
genesis of hepatic encephalopathy [ 51 ,  52 ]. Also, treatment of cultured astrocytes 
with ammonia caused a signifi cant dissipation of the mitochondrial membrane 
potential as well as an increase in the mitochondrial permeability to 2- deoxyglucose. 
Both of these changes were blocked by cyclosporin A, a MPT inhibitor. Similarly, 
ammonia caused a decrease in the mitochondrial calcein fl uorescence (an index of 
the MPT), which was also blocked by cyclosporin A [ 53 ].  

16.3.1.2     In Vivo Evidence of Ammonia-Induced Oxidative 
Stress in Hepatic Encephalopathy 

 Evidence for the implication of oxidative stress in the pathogenesis of hepatic 
encephalopathy has also been reported in studies in experimental animals. For 
example, NOS activity has been shown to be increased in the brains of portacaval- 
shunted rats [ 54 ]. iNOS and neuronal NOS (nNOS) protein expression is also 
increased in the brains of these animals [ 22 ,  55 ,  56 ], whereas brain endothelial NOS 
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(eNOS) protein expression is increased in thioacetamide (TAA)-induced cirrhosis 
in the rat [ 57 ]. It was also reported that astrocyte swelling stimulated the production 
of cerebral nitric oxide in ammonia-treated rats [ 58 ]. An increase in HO-1 mRNA 
expression as well as a decrease in copper/zinc-superoxide dismutase (Cu/Zn SOD) 
gene expression have been reported in the brains of portacaval-shunted rats [ 59 ]. 
Protein tyrosine nitration, a consequence of oxidative stress, was also demonstrated 
in the cerebral cortex of these animals [ 34 ,  56 ]. 

 In a rat model of chronic liver failure (portacaval anastomosis), neurons were 
immunoreactive to nNOS, whereas iNOS was expressed in pyramidal-like cortical 
neurons and perivascular astrocytes [ 56 ]. In the same animals, nitrotyrosine 
 immunoreactivity was found in pyramidal-like cortical neurons and in perivascular 
astrocytes. It was also demonstrated that nNOS and iNOS are produced in the 
Purkinje (neuronal) cells and Bergmann glial cells in rats following portacaval anas-
tomosis [ 55 ]. TAA-cirrhotic rats showed nNOS immunoreactivity in stellate and 
basket neurons and eNOS immunoreactivity in perivascular glial cells of the white 
matter [ 57 ]. In the same experimental model of chronic liver failure, eNOS was 
located in Purkinje cell bodies and vessels endothelial cells [ 57 ]. Taken together, 
these data suggest that neuronal, glial, and endothelial cells are all sources of free 
radicals and nitric oxide in hepatic encephalopathy indicating that oxidative stress 
in hepatic encephalopathy is a multicellular phenomenon. 

 Systemically, the relationship between hyperammonemia and oxidative stress 
differs from that depicted in the brain. Indeed, in another model of chronic liver 
failure and hyperammonemia/hepatic encephalopathy, the bile-duct ligated rat, 
Bosoi et al. [ 60 ] observed the presence of systemic oxidative stress and cerebral 
edema. The authors suggested that systemic oxidative stress might be an important 
“fi rst hit,” which, followed by increases in ammonia, leads to the onset of brain 
edema [ 60 ]. In a similar model of cirrhosis, an increase in lipid peroxidation and 
reduction in antioxidant enzymes in the cerebral cortex and cerebellum were 
reported [ 61 ]. Interestingly, the administration of  N -acetylcysteine exerted a protec-
tive effect through the attenuation of oxidative stress [ 61 ].  

16.3.1.3    Human Studies 

 While considerable evidence indicates the presence of oxidative stress markers in 
experimental models of hepatic encephalopathy, documentation of oxidative stress in 
humans is limited. Increased amount of lipofuscin pigments was found in brains of 
patients with hepatic encephalopathy [ 36 ,  40 ]. Elevated blood levels of reactive oxy-
gen species were also identifi ed in patients with hepatic encephalopathy resulting 
from chronic alcohol consumption, which was associated with decrease antioxidant 
capacity [ 62 ]. Increased SOD activity, thiobarbituric acid reactive substances, and 
decreased catalase activities were observed in cirrhotic children [ 63 ]. Increased nitric 
oxide after transjugular intrahepatic portosystemic shunt insertion in patients with 
cirrhosis was also reported [ 64 ]. Furthermore, postmortem cortical brain tissue 
samples from patients with cirrhosis dying with or without hepatic encephalopathy 
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were analyzed and compared with brains from patients without liver disease [ 35 ]. 
The results indicate that hepatic encephalopathy in patients with cirrhosis is associated 
with oxidative stress, protein tyrosine nitration, and RNA oxidation [ 35 ]. 

 In postmortem human brain tissue obtained from autopsies of patients with cir-
rhosis and hepatic encephalopathy, a whole human genome microarray approach 
revealed altered expression of genes related to oxidative stress [ 65 ]. Specifi cally, 
expression levels of genes involved in oxidative stress defense, such as HO-1, sele-
noprotein- V, peroxiredoxin-4, and peroxisome proliferator-activated receptor α 
(PPARα), were elevated in patients with cirrhosis with hepatic encephalopathy but 
not in patients with cirrhosis without hepatic encephalopathy, when compared with 
controls [ 65 ]. Taken together, these data strongly suggest a role for oxidative stress 
in the pathogenesis of hepatic encephalopathy in patients with chronic liver failure 
and indicate that cerebral oxidative stress is a hallmark of hepatic encephalopathy 
in patients with liver failure.   

16.3.2     Manganese-Induced Oxidative Stress in Hepatic 
Encephalopathy 

 Manganese is an essential trace element found in a variety of biological tissues and 
is necessary for normal functioning of several physiological processes including 
amino acid, lipid, protein, and carbohydrate metabolism [ 66 ]. Manganese is also an 
important component of a number of cerebral enzymes, in particular, glutamine 
synthetase, an ammonia detoxifying enzyme. At low levels, manganese binds with 
superoxide dismutase to form MnSOD, an important mitochondrial antioxidant 
enzyme [ 67 ]. However, when excessive, manganese contributes to neurological 
abnormalities such as parkinsonism and dystonia [ 68 ]. Occupational exposure to 
excessive manganese levels leads to neurotoxicity, referred to as manganism, which 
resembles Parkinson’s disease [ 69 ]. Chronic exposure of various cell types to man-
ganese was shown to induce oxidative stress [ 70 – 72 ]. 

 Manganese has also been implicated in the pathogenesis of hepatic encepha-
lopathy [ 73 ]. Manganese highly accumulates in astrocytes [ 74 ,  75 ], which renders 
these cells more vulnerable to its toxicity. Consistent with this vulnerability, man-
ganese has been shown to decrease antioxidant capacity [ 72 ] and generate oxida-
tive stress [ 72 ,  76 ,  77 ], which are prevented by pre-treatment with  N -acetylcysteine 
[ 78 ]. Manganese also brings about mitochondrial dysfunction [ 79 ,  80 ], including 
decreased energy production [ 72 ] and the induction of the MPT [ 81 ], and causes 
histopathological changes in astrocytes (Alzheimer type II change) [ 82 ]. 
Interestingly, morphologic and functional changes after exposure of astrocytes to 
manganese are similar to those observed after ammonia treatment. Cultured astro-
cytes exposed to ammonia (5 mM) or manganese acetate (100 mM) were shown 
to increase both free radicals production and  L -arginine uptake (a precursor of 
nitric oxide), and such effects were synergized when manganese was co-treated 
with ammonia [ 77 ,  83 ]. Similarly, exposure of primary cortical astrocytes to a low 
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concentration of manganese (10 μM) was shown to potentiate interferon-gamma 
and tumor necrosis factor-alpha-induced expression of iNOS mRNA and protein 
along with an increased production of nitric oxide [ 84 ]. The potentiating effect 
was a consequence of the activation of soluble guanylate cyclase and mitogen-
activated protein kinase (MAPK) signaling pathways [ 84 ]. Cultured astrocytes 
exposed to manganese were also shown to inhibit glutamate uptake by a process 
involving oxidative stress [ 85 ,  86 ]. Additionally, it was demonstrated that treat-
ment of rats with manganese chloride led to an increase in manganese level in 
brain that was accompanied by the development of pathological changes similar 
to those seen in hepatic encephalopathy (Alzheimer type II astrocytosis), and such 
changes were signifi cantly reduced when rats were treated with antioxidant 
 N -actetylcysteine. In primary rat cortical neurons exposed to manganese, an 
increase in biomarkers of oxidative damage (F(2)-isoprostanes), which was pre-
vented by pretreatment with the antioxidant Trolox (hydrophilic analog of vitamin 
E), was reported [ 87 ]. These results were confi rmed in mice exposed to manga-
nese [ 87 ]. Finally, it was recently demonstrated that manganese leads to an 
increase in markers of oxidative stress in rat brain chronically exposed to manga-
nese [ 88 ]. These studies suggest that manganese contributes to oxidative stress in 
hepatic encephalopathy and that such effect is exacerbated in the presence of 
ammonia. 

 Patients with chronic liver failure and those who had surgically created portal- 
systemic shunts have elevated plasma and brain manganese levels, most likely 
refl ecting the combined effects of hepatocellular failure, impaired biliary excretion, 
and the presence of portal-systemic shunting of blood [ 89 ]. This may lead to selec-
tive manganese accumulation in the globus pallidus, caudate nucleus, and putamen, 
and the adjacent areas of the basal ganglia manifest as hyperintensity of these brains 
areas on T1-Magnetic Resonance Imaging [ 89 ,  90 ]. Indeed, elevated manganese 
levels were found in the globus pallidus obtained at autopsy from patients with 
chronic liver failure [ 90 ,  91 ]. Disturbances of manganese homeostasis may partly 
account for the cognitive impairment associated with chronic liver failure [ 92 ].   

16.4     Antioxidant Strategies for the Treatment of Hepatic 
Encephalopathy 

 Treatment of experimental animals suffering from hyperammonemia and hepatic 
encephalopathy with antioxidants (e.g., ascorbate, alpha-tocopherol, dimethyl-
sulfoxide) was shown to have benefi cial effects by improving antioxidant status as 
well as their clinical condition [ 93 ,  94 ]. The antioxidant melatonin was shown to 
reduce blood and brain ammonia level as well as attenuate brain lipid peroxida-
tion in rats after TAA injection [ 95 ]. Additionally, increased malondialdehyde 
levels and decreased glutathione peroxidase, catalase, and SOD activities were 
found in the hippocampal tissue of rats with portal hypertension (a model of low-
grade hepatic encephalopathy), and such effects were reversed when rats were 
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treated with curcumin, a known antioxidant [ 96 ]. Rats treated with morin (3,4,7,2′,
4′-pentahydroxyfl avone), a fl avonol, were shown to be protected against oxidative 
stress in brains of chronic hyperammonemic rats [ 97 ]. It was recently demon-
strated that guanosine, a nucleoside exhibiting antioxidant properties [ 98 ,  99 ], 
was neuroprotective in a rat model of chronic hepatic encephalopathy by reducing 
oxidative stress markers in the brain [ 100 ]. 

 The antioxidant  N -acetylcysteine has proven useful in reducing brain edema in 
acute liver failure [ 101 ] and in the management of patients with acute liver failure 
[ 102 – 105 ]. In addition,  N -acetylcysteine was shown to delay the progression of 
encephalopathy in azoxymethane-induced acute liver failure in mice, as well as to 
reduce brain water content [ 101 ]. Finally, hypothermia, which has been shown to 
improve brain edema in animals and humans with acute liver failure, is also known 
to reduce free radical production [ 106 ]. Interestingly,  N -acetylcysteine was able to 
ameliorate spatial memory and motor coordination defi cits observed experimental 
chronic liver failure (bile-duct ligated rats) [ 61 ].  N -Acetylcysteine supplementation 
decreased lipid peroxidation and was also able to restore the activity of antioxidant 
enzymes as well as structural defi cits observed in the cortex and cerebellum of cir-
rhotic animals with hepatic encephalopathy. Together, these data clearly demonstrate 
that the protective effect of  N -acetylcysteine in experimental hepatic encephalopathy 
is mediated through attenuation of oxidative stress, suggesting a therapeutic role for 
 N -acetylcysteine in patients affl icted with hepatic encephalopathy.  

16.5     Conclusion 

 Oxidative stress has evolved in recent years as a major pathogenetic factor in hepatic 
encephalopathy and experimental evidence for oxidative stress in brain in experi-
mental models of hepatic encephalopathy due to chronic liver failure is increasing. 
Indeed, several reports suggest that oxidative stress participates in the pathophysi-
ologic cascade responsible for hepatic encephalopathy. While the factors responsi-
ble for oxidative stress formation in hepatic encephalopathy remain incompletely 
understood, it appears that ammonia and manganese would be partly responsible for 
the production of reactive oxygen species. Although increased oxidative stress in 
hepatic encephalopathy resulting from chronic liver failure has been demonstrated 
by some groups, its consequences are not fully established. Additional studies on 
the role of oxidative stress in chronic hepatic encephalopathy are warranted. 
Increased oxidative stress has been documented in several studies and antioxidants 
were shown to be protective against ammonia-induced astrocyte swelling and cere-
bral edema in liver failure. Antioxidant therapy such as  N -acetylcysteine is already 
being used in the management of acute liver failure and its complications. Other 
antioxidants could prove to be valuable adjuncts to traditional hepatic encephalopa-
thy therapies, such as ammonia- lowering strategies, in the context of chronic liver 
failure. Further studies are needed in order to assess these possibilities.   
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    Chapter 17   
 Oxidative Stress and Liver Transplantation 

             Piotr     Czubkowski     ,     Piotr     Socha    , and     Joanna     Pawłowska   

17.1            Introduction 

 Reactive oxygen species (ROS) are generated during many physiological and 
 pathological processes (Fig.  17.1 ). Liver transplant recipients are particularly 
 vulnerable due to ischemia–reperfusion (IR) injury, posttransplant complications, 
immunosuppressive treatment, and imbalanced oxidative status carried from pre-
transplant conditions [ 1 ]. If defense mechanisms are not capable, released ROS 
cause lipid, protein, and DNA damage. Consequences of prolonged oxidative 
imbalance are not fully understood, however its importance is evidenced in athero-
sclerosis, cancers, and neurodegenerative diseases. Especially cardiovascular 
events are of main concern and were shown to infl uence survival in adult population 
but no effective antioxidant prophylaxis exists as yet.  

 Hepatic ischemia followed by reperfusion is a major problem leading to outburst 
of ROS and apoptosis of hepatocytes [ 2 ]. Moreover, remote organs including the 
lung, kidney, intestine, pancreas, adrenals, and myocardium among others, may be 
injured as well [ 3 ]. 

 More severe effects of IR should be expected if “marginal graft” is considered. 
That issue emerged with the extension of criteria for donors as natural response to 
the shortage of available organs. 

 So as to alleviate IR injury, a large number of studies, mostly experimental, were 
carried out in search of optimal organ preservation techniques including modifi ed 
reperfusion solutions, genetic interventions, and new techniques of mechanical per-
fusion. These efforts shed new light on our current knowledge and elucidated 
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  Fig. 17.1    Sources of oxidative stress in liver transplant recipients       

potential targets for effective interventions, however still prospective validation of 
novel approaches is required. 

 In this chapter we discuss the problem of oxidative stress in liver transplant 
recipients.  

17.2     Pretransplant Conditions 

17.2.1     Transplant Candidates 

 ROS generated before transplantation are not fully eliminated after procedure and 
may be related to worse graft function. In cirrhosis, increased production of ROS 
leads to the reduction in the bioavailability of several antioxidants such as carot-
enoids, α-tocopherol, and glutathione [ 4 ]. It was also demonstrated that liver trans-
plantation (LTx) is only partially associated with a long-term improvement of 
oxidative imbalance observed in patients with end-stage chronic liver disease [ 5 ]. 
Corradini et al. performed multivariate analysis in preoperative recipients which 
included 7beta- hydroxycholesterol plasma concentration and MELD score. 7beta-
hydroxycholesterol, a marker of oxidative stress, was an independent risk factor of 
poor graft function. Cirrhotic patients presented with upregulated systemic oxida-
tive stress and the markers were still increased 1 month after OLT [ 6 ]. 

 Free radical formation is increased in most conditions leading to liver insuffi -
ciency, especially in acute liver failure (Chap.   12    ), alcoholic cirrhosis (Chap.   13    ), 
hepatitis C (Chap.   14    ), and NASH (Chap.   15    ). 
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 Generally in cholestatic conditions hydrophobic bile acids play a crucial role 
in cellular pathways involved in toxic injury of hepatocytes. ROS generation sub-
sequently activates MAP kinase pathways, EGFR [epidermal growth factor recep-
tor], and CD95 (Fas receptor). Translocation of Fas to the plasma membrane of 
hepatocytes results in assembly of the death-inducing signaling complex (DISC), 
which in turn cleaves and activates caspase 8 and 10 and the Bcl-2 protein [ 7 ]. 

 Cholestatic malabsorption of fat-soluble vitamins delivers an extra risk due to 
lack of basic exogenous scavengers [ 8 ]. There are studies reporting decreased con-
centration of α-tocopherol in patients with primary biliary cirrhosis, primary scle-
rotic cholangitis, biliary atresia, and alcoholic liver disease [ 8 – 10 ]. 

 The mechanisms leading to increased lipid peroxidation in cirrhotic patients are 
still not well understood. Probably a decreased production and increased consump-
tion of endogenous antioxidants may play a crucial role. Recently, bacterial translo-
cation was proven to contribute to liver injury. Extrahepatic biliary obstruction 
promotes bacterial translocation and this process is an important cause of morbidity 
and mortality in patients with jaundice [ 11 ]. In nonalcoholic fatty liver disease 
(NAFLD) pathogenesis, dietary factors seem to play the role in relation to intestinal 
translocation of bacterial endotoxin and generation of free radicals [ 12 ]. As indi-
cated by the presence of bacterial DNA, a marker of bacterial translocation, it was 
associated with aggravation of peripheral vasodilation and with worsening of intra-
hepatic endothelial dysfunction in cirrhotic patients [ 13 ]. However, most of the epi-
sodes of bacterial infection in cirrhotic patients remain undetected [ 14 ]. 

 Early diagnosis of bacterial translocation may be crucial to prevent sepsis [ 15 ]. 
Septicemia results in a rapid free radical release that cannot be managed effi ciently 
by antioxidant mechanisms. The most frequent chronic condition leading to liver 
transplantation in children is biliary atresia. Recently, it was suggested that early 
stages of disease are associated with stronger infl ammatory reaction, augmented 
oxidative DNA and mitochondrial damage what was manifested by higher immuno-
reactive 8-hydroxydeoxyguanosine and decrease in mitochondrial copy number 
[ 16 ]. Interestingly, an activity of protective superoxide dismutase (SOD) was 
increased signifi cantly in liver tissues of infants with biliary atresia, Alagille syn-
drome, and portal vein thrombosis but not in alfa1-antytrypsin defi ciency or neona-
tal hepatitis. Simultaneously SOD activity correlated with severity of cholestasis 
[ 17 ]. Interestingly, steatosis itself is well tolerated by hepatocytes [ 18 ], however its 
importance was highlighted with regard to graft state and its function after trans-
plantation. Sokol et al. proposed that hepatocytes sharing steatosis in combination 
with retention of toxic bile acids may generate the “second hit” through stimulation 
of ROS generation and signaling cascades that trigger hepatocellular injury [ 19 ,  20 ]. 
Moreover Children with prolonged cholestasis usually present with malnutrition 
that results in depletion of antioxidants. The major consideration is lipid-soluble 
vitamins and vitamin E defi ciency seems to be the major problem. The water-solu-
ble vitamin E-TPGS has been used effi ciently to normalize vitamin E status in those 
subjects but it does not improve the increased lipid peroxidation and poor polyun-
saturated fatty acid status [ 10 ]. As depletion of many antioxidants is expected in 
chronic cholestatic disease that requires supplementation of many nutrients and thus 
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improvement of one nutrient defi cit may not ameliorate free radical injury. Recently, 
benefi cial effect of α-tocopherol and β-carotene supplementation before liver trans-
plantation was showed in the rat model of ischemia–reperfusion. Both supplements 
were given 21 days before surgery improving oxidative balance and energetic state 
as measured by ATP [ 21 ]. These data suggest that antioxidant therapy before trans-
plantation may ameliorate the effects of reperfusion.  

17.2.2     Marginal Donors 

 The state of the donor organ is regarded the most important indicator of prognosis 
for graft function and survival. On the other hand the lack of available organs and 
mortality on waiting lists stimulated introduction of the so-called extended criteria 
donors. That brought compromising between graft availability and its quality. 
Although overall posttransplant outcomes are inferior to results with optimal, 
whole-liver grafts, aggressive utilization of extended criteria donors (ECD) and 
organs procured via donation after cardiac death (DCD) signifi cantly lowers median 
wait-times for OLT, MELD scores at OLT and death while awaiting transplantation 
[ 22 ]. Non-heart beating, elderly donors, as well as steatotic and small-for-size grafts 
are especially vulnerable to IR oxidative injury, early allograft dysfunction (EAD), 
primary nonfunction (PNF), and rejection [ 23 – 25 ] The incidence of complications 
is higher if there is more than one risk factor; thus overlapping should be minimized 
[ 26 ]. Liver steatosis, the most frequently encountered issue due to increasing rates 
of NAFLD, predisposes to increased IR oxidative injury [ 27 ]. The factors causing 
progression of NAFLD to fi brosis and cirrhosis have not been defi ned in humans as 
yet. Nevertheless, there is growing evidence supporting the role of proinfl ammatory 
cytokines, particularly TNFα and Il-6 [ 28 ]. Recent data from USA registry showed 
that liver steatosis over 30 % were independent risk factors of worse 1-year graft 
survival. Nevertheless, if other donor risk factors are eliminated (>age 40 years, 
cold ischemia >5 h, no donation after cardiac death) grafts may be used safely. If 
CIT is above 11 h mild steatosis worsens survival as well [ 29 ]. Recently, signifi -
cance of hepatic lipid composition rather than size and morphology of lipid droplets 
was highlighted in IR injury. 

 Elevated thromboxane A2 (TXA2), vasoactive proinfl ammatory lipid mediator 
derived from arachidonic acid (AA), an omega-6 fatty acid (Ω-6FA), impairs sinu-
soidal perfusion and augments infl ammation so as hepatocellular injury after IR. 
These events may be prevented by preconditioning with dietary Ω-3FA or selective 
blockage of TXA2 receptors [ 30 ]. Thus, restoration of normal Ω-6:Ω-3 FA propor-
tion seems to be a relevant protective condition in steatotic grafts so as donor 
intervention with pharmacological preconditioning may protect marginal organ 
[ 31 ,  32 ]. There is an obvious necessity to carry out additional research so as to 
improve the outcomes in marginal graft usage. Still at the beginning stage, hypo-
thermic machine perfusion (HMP) seems to be a promising preservation option. 
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Henry et al. demonstrated HMP signifi cantly reduced proinfl ammatory cytokine 
expression, relieving the downstream activation of adhesion molecules and migra-
tion of leukocytes, including neutrophils and macrophages [ 33 ].   

17.3     Ischemia-Reperfusion Injury 

17.3.1     Pathogenesis 

 Liver ischemia/reperfusion injury can be divided into two distinct phases. Ischemia 
as the initial condition, results in the shortage of oxygen supply, alteration in mito-
chondrial enzymes, and depletion of ATP formation, by failure of aerobic oxidative 
phosphorylation [ 34 ,  35 ]. State of hypoxia makes the graft vulnerable during reoxy-
genation. Reduction of ATP causes Na/K/ATPase disturbances, sodium accumula-
tion, and cell death [ 36 ,  37 ]. 

 Generation of ROS during reperfusion is not fully understood. Primarily, xan-
thine oxidase (XOD)/xanthine dehydrogenase (XDH) was regarded the main ROS 
generator. This theory was mainly based on antioxidant properties of allopurinol 
which is XOD inhibitor [ 38 ,  39 ] and currently mitochondria seem to be a key source 
of ROS [ 40 ]. Superoxide massively produced in mitochondria under oxidative 
stress leads to breakdown of its membrane and cellular death [ 41 ]. 

 The main event in the beginning of IR is Kupffer cells activation. It is promoted 
by ROS, complement and CD4+ lymphocytes [ 42 – 44 ]. Activated Kupffer cells gen-
erate ROS and cytokines, mainly TNFα and IL-1, in the initial phase of reperfusion 
[ 45 ,  46 ]. 

 TNFα is one of the core players in the IR promoting expression of adhesion 
molecules on vascular endothelial cells and recruitment of neutrophils [ 47 ]. 
Activated neutrophils release ROS and proteases that are responsible for oxidative 
stress during the late phase of reperfusion injury [ 48 ]. The role of oxidative stress in 
IR injury is multifactorial. ROS may directly regulate apoptotic and necrotic path-
ways of cell injury. Other effects comprise upregulation of nuclear transcription 
factors and proinfl ammatory genes, [ 49 ] induction of antioxidant enzymes, [ 50 ] and 
regulation of sinusoidal blood fl ow [ 51 ]. 

 The key events during IR and effects of ROS are summarized in Table  17.1 .

17.3.2        Antioxidant Interventions in IR Injury 

17.3.2.1     Antioxidant Treatment 

 Several antioxidant interventions were tested for its potency to reduce IR injury, but 
very few are candidates for implementation to clinical practice. Most of the current 
evidence is based on experimental animal models. The main strategies are based on 
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pharmacologic substances, ischemic preconditioning (IPC) of the graft, gene therapy, 
and machine perfusion techniques. Antioxidants may be given orally, intravenously, 
or as additives to preservation solutions. 

  N -Acetylocysteine (NAC) is a precursor of reduced glutathione and scavenger of 
hydroxyl radicals which proved to be effective in paracetamol overdose and possibly 
in other forms of acute liver failure [ 52 ,  53 ]. In pediatric population (12 children in 
the treatment group and 13 children as controls), NAC was given intravenously in 
combination with prostaglandin E1 for 6 days after reperfusion. No complications or 
adverse events of treatment occurred. Treated group presented with improved liver 
function tests, shortened median postoperative in-hospital stay, and alleviated sever-
ity of rejection though the proportion of patients with allograft rejection was not 
signifi cantly different between the two groups [ 54 ]. NAC administered during donor 
operation did not show effect on IR injury or acute cellular rejection [ 55 ]. Trials with 
variable antioxidants are summarized in Table  17.2  [ 31 ,  32 ,  36 ,  56 – 108 ].

17.3.2.2        Ischemic Preconditioning 

 IPC is defi ned as a brief period of liver ischemia followed by reperfusion, and has 
demonstrated protections against a prolonged IR injury and improved the capacity 
of regeneration [ 109 ]. The concept was originally introduced by Murry et al. in 
1986 [ 110 ] but exact pathways still remain unclear. 

 The protective mechanisms of IPC against hepatic IR injury include alterations 
in energy metabolism, neutrophil accumulation, microcirculatory disturbances, 
liver regeneration, and formation of proinfl ammatory mediators [ 109 ,  111 ]. The 
generation of small amounts of ROS stimulates cell response and promotes anti-
apoptotic mechanisms [ 112 ,  113 ]. The clinical evidence is contradictory. There 
was signifi cant improvement in biochemical markers of liver cell function, 
reduced need for reoperation in the postoperative period, and lower incidence of 
primary nonfunction after OLT if IPC was performed [ 114 ]. In another study, 
Koneru et al. [ 115 ] randomized 101 deceased donors to 10 min IPC ( n  = 50) or 
no-IPC ( n  = 51) groups, and showed increased liver injury after IPC. One-year 
patient and graft survival in IPC versus no-IPC were 88 % versus 78 % ( p  = 0.1) 

   Table 17.1    Key events in ischemia-reperfusion   

 • Decrease in oxidative phosphorylation results in ATP depletion 
 • Intracellular accumulation of sodium and calcium 
 • ROS formation 
 • Upregulation of NFkB factor 
 • TNFα and Il-1 release 
 • Direct cellular damage through protein, lipid, and DNA oxidation 
 • Promotion of apoptotic and necrotic death 
 • Induction of antioxidative mechanisms 
 • Release of mediators involved in regulation of sinusoidal blood fl ow and liver regeneration 
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   Table 17.2    Antioxidant agents with protective capacity against liver IR injury   

 Antioxidant  Category  Species 
 Injury 
type  Admin.  Ref. 

 Albumin  Protein  Rat  CI   perf .  [ 56 ] 
 Alfa-tocopherol  Diet  Rat  CI/WI   im   [ 57 ] 
 Alfa-tocopherol  Diet  Rat  CI/WI   iv   [ 58 ] 
 Alfa-tocopherol/ascorbate  Diet  Human  WI   Iv   [ 59 ] 
 Alfa-tocopherol/ascorbate  Diet  Rat  WI   ip / po   [ 60 ] 
 Alfa-tocopherol/Beta-carotene  Diet  Rat  CI/WI   po   [ 61 ] 
 Allopurinol  XO inhibitor  Rat  WI   ip   [ 62 ,  63 ] 
 Amiodaron  Potassium-CB  Rat  CI   iv   [ 64 ] 
 Ascorbate  Diet  Rat  WI   iv   [ 65 ] 
 Atrial natriuretic peptide  Hormone  Rat  CI/WI   iv   [ 66 ,  67 ] 
 Bucillamine  Thiol  Rat  CI/WI   iv   [ 68 ,  69 ] 
 Cardiotrophin-1  Cytokine  Pig  CI/WI   iv   [ 70 ] 
 Carnitine  QUAT  Rat  WI   ip   [ 71 ] 
 Carvedilol  βα-Blocker  Rat  CI   sol   [ 72 ] 
 CGRP  Peptide  Rat  CI   sol   [ 73 ] 
 Cyclosporin/ibuprofen  CNI/NSAD  Rat  WI   po   [ 74 ] 
 CAT derivatives  Int. enzyme  Rat  WI   iv   [ 75 ] 
 Coenzyme Q/Penoxyfylline  LMWA  Rat  WI   iv / ig   [ 76 ] 
 Desferrioxamine  Iron chelator  Dog  CI/WI   iv   [ 77 ] 
 Cyanidin  Plant phenol  Rat  WI   po   [ 78 ] 
 Ebselen  Enzyme  Rat  WI   po   [ 79 ] 
 GABAR agonist  Receptor  Rat  CI/WI   iv   [ 80 ] 
 Green tea extract  Plant extract  Rat  WI   po   [ 81 ] 
 GSH  LMWA  Rat  WI   iv   [ 82 ] 
 GSH  LMWA  Rat  CI/WI   iv   [ 83 ] 
 Idebenone  Coenzyme Q 

derivative 
 Rat  CI   sol   [ 84 ] 

 Lefl unomide  Isoxazole derivative  Rat  CI   ig   [ 85 ] 
 Levosimendan  Calcium sensitizer  Rat  WI   iv   [ 86 ] 
 Lipoic acid  LMWA  Rat  CI   iv   [ 87 ] 
 Lisinopril  ACEI  Rat  CI   ip   [ 88 ] 
 Lithium  GSK-3β/NF-κB inh.  Mice  WI   iv   [ 89 ] 
 Mangifera indica  Plant extract  Rat  WI   po   [ 90 ] 
 MMDP*  Multidrug  Rat  CI   po / ip / ia   [ 32 ] 
 Melatonin  Hormone  Rat  WI   po   [ 91 ,  92 ] 
 Methylprednisolone  Steroid  Human  CI/WI   iv   [ 93 ] 
 Methylprednisolone  Steroid  Rat  WI   iv   [ 94 ] 
 Meloxicam  COX-2 inhibitor  Rat  CI   sol   [ 95 ] 
 MK-886  5-Lipoxygenase inh.  Rat  WI   ip   [ 96 ] 
 Montelukast  LAR  Rat  WI   ip   [ 96 ] 
  N -Acetylocysteine  Thiol  Rabbit  WI   iv   [ 97 ] 

(continued)
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and 86 versus 76 % ( p  = 0.25), respectively. IPC recipients had fewer moderate and 
severe rejections within 30 days ( p  = 0.09). 

 IPC may support the regeneration of small-for-size liver grafts by promotion of 
mitochondrial SOD, heat shock protein HSP70 and heme-oxygenase-1 (HSP32) 
with concurrent inhibition of IL-1 [ 116 ,  117 ]. Moreover, induction of HSP70 and 
HO-1 stimulate buffering system which helps the liver to resist ischemic injury [ 118 ].  

17.3.2.3     Gene Therapy 

 The experimental use of plasmid DNA shed the new light on possible interventions 
against IR. In animal models the adenoviral copper/zinc SOD gene transfer 
decreased hepatic injury-prevented primary nonfunction and promoted liver regen-
eration after OLT [ 119 – 121 ]. He et al. [ 122 ], combined genes of extracellular super-
oxide dismutase (EC-SOD) and catalase, with polylipid nanoparticles and injected 
via portal vein into mice. The overexpression of both genes signifi cantly alleviated 
oxidative IR injury, reduced oxidative stress markers, and improved liver histology. 
In spite of encouraging animal models, we are far from clinical usage of vectors in 
humans, mostly due to ethical and safety issues. Moreover, in deceased donors, time 
limits make the use of vectors unlikely to be successful, and even nonreplicative 
adenoviral vectors can have side effects and might cause liver injury [ 123 ].    

Table 17.2 (continued)

 Antioxidant  Category  Species 
 Injury 
type  Admin.  Ref. 

  N -Acetylocysteine  Thiol  Human  CI/WI   iv   [ 98 ] 
 Nicaraven  CCB  Dog  WI   iv   [ 99 ] 
 Picroliv  Plant extract  Rat  WI   po   [ 100 ] 
 Propyl gallate  Food preservative  Rat  WI   iv   [ 101 ] 
 Relaxin  Peptide hormone  Rat  CI   sol   [ 102 ] 
 Quercetin  Plant phenol  Rat  WI   po   [ 103 ] 
 Simvastatin  Statin  Rat  WI/CI   sol   [ 31 ] 
 Silibinin  Plant extract  Rat  CI   sol   [ 104 ] 
 SOD derivatives  Int. enzyme  Rat  WI   iv   [ 105 ] 
 Tacrolimus  CNI  Rat  WI   po   [ 36 ] 
 Tetrandrine  Plant extract  Mice  WI   ip   [ 106 ] 
 Theafl avin  Plant extract  Mice  WI   ip   [ 107 ] 
 Triplotide  NF-κB inh.  Mice  WI   ip   [ 108 ] 

   WI  warm ischemia,  CI  cold ischemia,  ig  intragastrical,  ip  intraperitoneal,  po  oral,  iv  intravenous, 
 ia  intraarterial,  sol  preservation solution,  CCB  calcium channel blocker,  LAR  leukotriene receptor 
antagonist,  LMWA  low molecular weight antioxidants,  XO  xanthine oxidase,  NSAD  non- s teroidal 
anti-infl ammatory drug,  CGRP  calcitonin gene-related peptide,  GABAR  γ-aminobutyric acid 
receptor, * MDDP  multidrug donor preconditioning including pentoxyphyline, glycine, deferox-
amine,  N -acetylocysteine, erythropoetine, melatonin, simvastatin,  Potassium-CB  Potassium- 
channel blockers,  QUAT  quaternary ammonium cation,  ACE1  angiotensin-converting-enzyme 
inhibitor,  NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells  
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17.4     Posttransplant Conditions 

17.4.1     Acute Rejection 

 Endothelialitis, bile duct damage, and portal infl ammation with lymphocytes, 
neutrophils, and eosinophils are classic components of acute rejection. Eosinophil 
peroxidase (EPO) produced exclusively by eosinophils [ 124 ,  125 ] catalyzes the 
reaction of H 2 O 2  with chloride to generate HOCl. Under oxidative stress HOCl 
induces apoptosis in the biliary epithelial cells via p53 and p-JNK-related 
mitochondria-caspase- dependent pathway [ 126 ]. Moreover, TNFα mRNA increased 
simultaneously with 8-hydroxy-2′ deoxyguanosine (8-OHdG), and correlated with 
the severity of acute graft rejection and oxidative DNA damage [ 127 ]. This may 
indirectly account for increased risk of early graft failure, after severe reperfusion 
injury during transplant.  

17.4.2     Immunosuppression and ROS 

 Immunosuppressive therapy is regarded as an additional risk factor for increased 
free radical formation however the evidence is confl icting. The drugs by chemical 
actions can produce free radicals and recurrent infections, and other complications 
can also contribute to free radical formation and antioxidant defi ciencies. Different 
drugs were described in respect to oxidative injury. The oxidative status [oxidative 
stress markers and antioxidants] of 23 children, 1.5–12 years after liver transplanta-
tion, receiving cyclosporine CsA ( n  = 14) or tacrolimus ( n  = 9) did not differ signifi -
cantly from age-matched healthy controls [ 128 ]. Christians et al. investigated the 
effect of combination of cyclosporine or tacrolimus with mTORI on energy produc-
tion, glucose metabolism, and ROS generation in perfused rat brain slices. 
Everolimus and sirolimus showed different effects—everolimus ameliorated cyclo-
sporine—induced mitochondrial dysfunction, whereas sirolimus increased CsA’s 
toxicity by inhibition of compensatory anaerobic glycolysis. Authors proposed that 
everolimus can cross the mitochondrial membrane and may reduce the distribution 
of CsA into mitochondria [ 129 ]. Tacrolimus appears to have antioxidative proper-
ties and downregulates free radical tissue levels after severe liver ischemia [ 130 ]. 

 The major clinical consideration related to free radical formation is atheroscle-
rotic risk and endothelial dysfunction. That is why immunosuppressive drugs are 
investigated with regard to cardiovascular risk. In the in vitro study on cultured 
human endothelial cells it was demonstrated that mycophenolate acid inhibits endo-
thelial O 2  formation by inhibition of NADPH oxidase, whereas CNI increased its 
activity [ 131 ]. Other study showed that methylprednisolone and MMF induced 
minor changes in endothelial function in comparison with CsA, sirolimus and tacro-
limus [ 132 ]. As lipid disturbances could signifi cantly contribute to arteriosclerotic 
risks we investigated lipid metabolism in liver transplant recipients receiving 
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CNI [ 133 ] and sirolimus [ 134 ] but neither of immunosuppressive regimens contrib-
uted to impaired lipid metabolism nor oxidative stress. 

 Liver transplantation may increase free radical formation directly by immuno-
suppressive regimen but indirectly infectious complications and renal problems can 
be an additional risk factor for free radical injury. There is an interesting case report 
by Samonte et al. which describes a story of a young girl born with severe liver 
disease who suffered from liver failure since the fi rst month of her life [ 135 ]. 

 Although she underwent successful liver transplantation, she struggled with 
complications of disease and immunosuppressive regiment, i.e., rejections, infec-
tions, and adverse drug effects leading to chronic renal failure and other complica-
tions. When awaiting combined liver and kidney transplant she developed scurvy 
due to vitamin C defi ciency. We published an editorial article to comment on this 
report [ 136 ] and discussed the role of antioxidant defi cits that may occur after liver 
transplantation in patients presenting with infectious and/or organ complications. 
Ascorbic acid spares vitamin E and its defi ciency can lead to increased free radical 
injury. The potential cooperation between vitamin C and E can be of major impor-
tance in respect of chronic liver and kidney disease. The sparing effect of glutathi-
one in scurvy was also documented. Thus, single nutrient defi ciency can be even 
more profound if combined with low levels of other antioxidants. Liver transplanta-
tion seems to correct most of the defi ciencies and antioxidant status after liver trans-
plantation restores its capacities except for glutathione [ 137 ]. Nevertheless some 
patients present with complications which can solely lead to oxidative stress. 

 Oxidative stress is regarded as important and in some cases, the initiating factor 
of tissue injury. It plays a role both in graft damage due to infl ammatory reaction 
induced by rejection and in damage of host tissues burned in the fi re of oxidative 
injury. In case of chronically ill patients, who suffer from severe complications of 
basic disease i.e., infections, major surgery, one may suppose that endogenous sys-
tem of antioxidants may exhaust. In such situations the real needs for vitamin C, E, 
and other antioxidants may be much higher as they exceed the normal intake of 
these vitamins [ 136 ]. 

 Nutritional defi ciencies can also be related to the poor diet or feeding problems 
that may occur after liver transplantation. Patients exposed to any chronic or recur-
rent condition may suffer from multiple nutrition defi cits. The case presentation of 
scurvy brings an important message—some defi ciencies may not be suspected 
based on clinical symptoms and patients at risk should be monitored by measure-
ment of biochemical indicators of nutrient defi ciencies.   

17.5     Summary 

 Liver transplant recipients are at higher risk of oxidative stress and related conse-
quences. How far clinical outcomes are infl uenced remains yet to be established. 
Cardiovascular complications are one of the most important causes of morbidity 
and mortality in adult population. Atherosclerosis is the critical condition with 
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strong ROS involvement. These risks should be recognized early, preferably in 
adolescence and young adults where chances for effective prophylaxis are obvi-
ously higher. Continuous progress makes us determined to perform more challenging 
liver transplantations with higher risk of graft injury. 

 The state of donor organ is regarded as the most important indicator of prognosis 
for function and survival. Due to necessity of increase in the donor pool, the future 
of liver transplantation is inevitably related with increasing number of marginal 
grafts. Dealing with non-heart beating, elderly donors, and steatotic liver grafts is 
apparently more challenging because of higher risk of oxidative injury, primary 
graft dysfunction, and rejection. 

 In spite of recognizing well, currently we lack effective methods to deal with 
oxidative stress. Up-to-date research is of limited value in clinical practice and data 
from animal models can’t be extrapolated on human organs. So as to clarify path-
ways of injury, molecular research should be prefered instead of measurement of 
injury markers [ 138 ]. 

 To know, the biggest scientifi c and clinical challenges are:

•    Better understanding of basic mechanisms of IR injury enabling targeted antioxi-
dative treatment  

•   Further development of preservation techniques  
•   The evaluation of antioxidant treatment in prospective long-term clinical trials in 

which effects and safety can be closely monitored        
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Chapter 18
Antioxidant Approach to the Therapy 
of Chronic Liver Diseases

Le Thi Thanh Thuy, Hoang Hai, and Norifumi Kawada

18.1  Introduction

18.1.1  The Antioxidant System

The liver plays a central role in metabolic homeostasis, being responsible for the 

metabolism, synthesis, storage, and redistribution of nutrients, carbohydrates, fats, 

and vitamins. The liver is also a significant site of free radical synthesis. Liver 

enzymes, including diamine oxidase, aldehyde dehydrogenase, tryptophan dual 

oxidase, liver dehydrogenase, and the cytochrome P450 system, induce oxidation 

and uncoupling, triggering free radical production [1]. Oxygen-free radicals, more 

generally termed reactive oxygen species (ROS), and reactive nitrogen species 

(RNS) are the most important groups of radicals generated in living systems [2].

The body has developed important antioxidant defence mechanisms to protect 

tissues from free radical-induced damage. An antioxidant is any substance that, 

when present at low concentrations, as compared to that of an oxidisable substrate, 

significantly delays or inhibits oxidation of that substrate [3]. Antioxidants can act 

at several stages of an oxidative sequence; first, by removing oxygen intermediates 

created during normal oxygen metabolism. Second, antioxidants can remove metal 

ions required by catalytic proteins (enzymes). Third, antioxidants also remove key 

ROS including superoxide (O2
−) and hydrogen peroxide (H2O2) that are generated in 

excess in certain disease states. Fourth, antioxidants scavenge initiator-free radicals 

including hydroxyl, alkoxyl, and peroxyl species. Fifth, antioxidants can break the 

chain of an oxidative sequence and quench singlet oxygen [3]. An antioxidant molecule 
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may have only one of the actions described above. For example, transferrin,  

lactoferrin, and albumin act as metal-binding proteins. However, many antioxidants 

have several actions, particularly all of the third, fourth, and the fifth listed above. 

Thus, the antioxidant enzymes, superoxide dismutase (SOD), catalase, and glutathi-

one peroxidase (GSHPx), for example, exert multiple effects.

Depending on function, antioxidants are located at different sites in cells and can 

be classified as intracellular, membrane-associated, or extracellular in nature.

18.1.2  Antioxidant Classification

18.1.2.1  Intracellular Antioxidants

Intracellular antioxidant defence systems include SOD, catalase, glutathione (GSH) 

and an associated family of enzymes, the polypeptide thioredoxin (TRX), and per-

oxidases of the peroxiredoxin (Prx) family [4].

SOD catalyses the dismutation of superoxide (O2 ) to H2O2 and O2 (18.1):

 
O O H H O O2 2 2 2 22· ·- - ++ + ® +

 
(18.1)

A CuZn-SOD is present in the cytosol and in the space between the inner and outer 

mitochondrial membranes, whereas a manganese-containing SOD is present in the 

mitochondrial matrix. The actions of both of these enzymes are critical to prevent 

ROS-induced toxicity [5].

Catalase is found primarily in the peroxisomes of all major organs, especially the 

liver. The enzyme catalyses a reaction between two H2O2 molecules, resulting in 

formation of water and O2 [6] (18.2):

 
2 22 2 2 2H O O H O® +

 
(18.2)

Catalase action is very important for protecting the cell from oxidative damage 

caused by ROS; the enzyme can convert millions of molecules of H2O2 to water and 

oxygen each second [7].

GSH and an associated enzyme family (including peroxidases) also play major 

roles in removing hydrogen peroxide generated by SOD via oxidation of GSH to 

glutathione disulphide (GSSG) (18.3) [3]:

 
H O GSH GSSG H O2 2 22 2+ ® +

 
(18.3)

GSSH generated, as shown in (18.3), is next re-converted to GSH in a reaction 

involving nicotinamide adenine dinucleotide phosphate [8]. GSH precursors, 

including N-acetylcysteine (NAC), are widely prescribed commercial antioxidants. 

The antioxidant effects of NAC are exerted by reducing cystine to cysteine, via 
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synthesis of reduced GSH; by increasing glutathione-S-transferase levels; and by 

capture and neutralisation of ROS [9].

The Prx family of peroxidases is present in organisms of all kingdoms [10]. Prx 

enzymes exist in multiple isoforms in all eukaryotic cells that reduce hydrogen per-

oxide and alkyl hydroperoxides to water and alcohol, respectively, with consump-

tion of reducing equivalents. Such equivalents are specifically derived from 

thiol-containing donor molecules, including TRX. Prx I and II are located in the 

cytoplasm and Prx III in mitochondria [11].

The TRX cytoplasmic protein occupies a specific intracellular site under patho-

physiological conditions [12]. TRX efficiently donates electrons to human GSHPx 

and members of the Trx superfamily, as mentioned above. TRX per se also acts as 

an antioxidant or as a scavenger of singlet oxygen, hydroxyl, and hydrogen perox-

ide radicals [13].

18.1.2.2  Membrane and Extracellular Antioxidants

The extracellular fluids of the human body, including blood plasma, tissue fluid, 

cerebrospinal fluid, synovial fluid, and seminal plasma, contain little or no catalase 

activity and only low levels of SOD and selenium-containing GSHPx [14, 15]. 

Metal-binding proteins are the principal antioxidants of extracellular fluids. Such 

proteins can sequester iron and copper ions that, in their free forms, catalyse oxida-

tive reactions. Transferrin, lactoferrin, haemoglobin, and myoglobin bind iron, 

whereas albumin, metallothionein, and ceruloplasmin bind copper [16]. The iron 

transport protein transferrin is usually one-third loaded with iron and effectively 

controls plasma iron concentration [3]. Lactoferrin is a glycoprotein exhibiting a 

high affinity for iron. The capacity of lactoferrin to bind iron is twice that of trans-

ferrin; two ferric ions are bound by one lactoferrin molecule [17].

Haemoglobin (and also myoglobin), in their free forms, can mediate oxidative 

tissue damage by accelerating lipid peroxidation. Haemoglobin-binding proteins 

such as haptoglobin and heme-binding proteins including haemopexin are serum 

proteins that function as antioxidants by virtue of their ability to bind to haemoglo-

bin and haem, respectively, thereby preventing oxidative stress that might be trig-

gered by free haemoglobin [18].

The principal copper-binding protein of human plasma is ceruloplasmin, which 

carries over 95 % of plasma copper [19]. Ceruloplasmin is also an effective chain- 

breaking antioxidant for a variety of radicals, including those formed via ferroxi-

dase activity [19].

Other extracellular or exogenous antioxidants are derived from food or synthe-

sized in vivo and include vitamin C, vitamin E, bilirubin, melatonin, lipoic acid, 

coenzyme Q, uric acid, and the melanins. Ascorbic acid (vitamin C) and α-Tocopherol 

(vitamin E) are food antioxidants that can prevent accumulation of free radicals and 

lipid peroxidation, in the human body [20, 21]. Ascorbic acid exhibits multiple anti-

oxidant properties including the ability to scavenge O2 , HO2 , peroxyl (RO2 ), thiyl 
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and sulphenyl, and nitricoxide radicals [22]. α-Tocopherol, a fat-soluble vitamin, is 

a poor antioxidant outside the membrane bilayer but very effective when incorpo-

rated into the membrane [23] and combats hydrogen peroxide, lipid peroxides, and 

other oxidants [20].

Another group of antioxidants are natural phenolic compounds and flavonoids 

found in vegetables, tea, and red wine [24]. These include quercetin, resveratrol, 

cathechine, and epigarocathechin. For example, quercetin is a strong antioxidant 

because the compound chelates metals, scavenges oxygen-free radicals [24, 25], 

and prevents oxidation of low-density lipoprotein (LDL) in vitro [26].

18.1.2.3  Antioxidants That Modulate Nitric Oxide Metabolism

Nitric oxide (NO), a lipophilic, highly diffusible, and short-lived physiological mes-

senger, regulates many physiological processes including vasodilation, respiration, 

cell migration, the immune response, and apoptosis [27]. Under pathological condi-

tions, NO production is increased via the action of an inducible isoform of NOS 

(iNOS). This isoform produces NO in large (potentially damaging) amounts, in a 

calcium-independent manner. NO can react with O2
− to produce the harmful mole-

cule peroxynitrite (ONOO−), a form of RNS. Materials including polyphenols and 

other antioxidants that influence the cell redox balance (including SOD activity) 

may directly affect the iNOS activity level and the expression thereof [28].

A recently discovered vertebrate globin, cytoglobin (CYGB) [29], the molecular 

characteristics of which are similar to myoglobin, is an antioxidant by virtue of an 

ability to scavenge NO. CYGB may facilitate oxygen diffusion through tissues, 

scavenge NO or other ROS, or exert a protective function during oxidative stress 

[30]. In vitro studies have shown that CYGB overexpression rescues the human 

neuronal cell line TE671 from pro-oxidant Ro19-8022-induced DNA damage [31]. 

CYGB overexpression also protected human neuroblastoma SH-SY5Y cells from 

H2O2-induced cell death [32, 33]. Furthermore, it has been reported that overexpres-

sion of CYGB in rat hepatic stellate cells, either in vitro or in vivo, protected such 

cells against oxidative stress and inhibited the differentiation thereof to the activated 

form [34]. Such reports suggest that CYGB may act as a cytoprotective and radical- 

scavenging molecule in addition to playing a role as gas carrier.

18.2  Antioxidant Therapy for Chronic Viral Hepatitis

As mentioned in Chap. 14, oxidative stress is an important contributor to the devel-

opment of liver damage during chronic viral hepatitis, a disease in which both the 

virus per se and the host-mounted immune response can trigger oxidative stress 

[35], as reflected in increased levels of oxidised proteins and nucleic acids and 

decreases in antioxidant levels [36, 37].

L.T.T. Thuy et al.

http://dx.doi.org/10.1007/978-3-319-15539-5_14


393

18.2.1  Vitamins Given Singly or in Combination

Antioxidants have been evaluated over the past 20 years in clinical trials involving 

chronic hepatitis C (CHC) patients (Table 18.1), commencing with a small open- 

label study featuring vitamin E supplementation [38]. In the cited work, six CHC 

patients resistant to interferon (IFN) therapy were given vitamin E 1,200 IU/day for 

8 weeks [38]. The vitamin delayed fibrosis progression and reduced oxidative stress, 

as indicated by reduced activation of hepatic stellate cells and decreased malonalde-

hyde levels, respectively. However, no change in either serum ALT or HCV-RNA 

levels was evident, and liver histology was not affected. In another study, 17 CHC 

patients were given vitamin E (500 mg/day) for 3 months and showed modest reduc-

tions in serum ALT levels associated with small decreases in oxidative stress. Thus, 

TRX levels fell from 59 to 40 ng/mL at the end of treatment [39]. Similar results 

were found in another study in which 23 CHC patients refractory to IFN therapy 

were treated; a prospective, randomised, double-blind cross-over design was used. 

Twelve-week supplementation with vitamin E reduced serum ALT levels. However, 

serum ALT levels became elevated once more within 1 month of discontinuing vita-

min E treatment. Re-treatment of responders (exhibiting ALT decreases of at least 

35 %) for 3 months reduced ALT levels once more [40]. Thus, supplementary vita-

min E alone did not have any notable effect on significant clinical features. 

Subsequent studies evaluated antioxidant combinations (Table 18.1) [41–43]. Seven 

oral antioxidative preparations (glycyrrhizin, schisandra, silymarin, ascorbic acid, 

lipoic acid, L-glutathione, and alpha-tocopherol) and four intravenous preparations 

(glycyrrhizin, ascorbic acid, L-glutathione, and B-complex) were given to 50 CHC 

patients for 20 weeks [41]. Interestingly, at the end of treatment, normalisation of 

liver enzyme levels was evident in 44 % of patients; ALT levels remained normal 

throughout the follow-up period in 72.7 % of patients; and a decrease in viral load 

(of one log or more) was observed in 25 % of patients. However, such encouraging 

results were not replicated in a larger study of 100 patients treated with antioxidant 

cocktails for 24 weeks [42]. Another combination therapy, featuring vitamins E, C, 

and selenium, was tested in 23 CHC patients over 6 months, but no beneficial effect 

on either HCV-RNA or ALT level, or liver histology, was evident [43].

Mitochondrial damage is a common feature of CHC pathogenesis, and MitoQ 

was evaluated as a therapeutic agent in the phase II study of Gane et al. [44]. Thirty 

patients with contraindications to pegylated interferon (PEGIFN) and/or ribavirin 

(RBV) were randomised to receive MitoQ (40–80 mg/day), or placebo. At the end 

of 28 days, compared with baseline levels, 40 mg of MitoQ daily decreased both 

ALT (from 153 to 110 IU/L; P = 0.002) and AST levels (from 131 to 95 IU/L; 

P = 0.003). The figures after administration of 80 mg of MitoQ daily were 131–

95 IU/L, P = 0.024 and 87–75 IU/L, P = 0.017, respectively. However, no change in 

HCV-RNA level was noted, suggesting that antioxidants may mildly decrease ALT 

levels, but that this alone was inadequate to counter CHC.

18 Antioxidant Approach to the Therapy of Chronic Liver Diseases
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Several trials have evaluated antioxidants as adjuvants to IFN therapy in the era 

before RBV was introduced. In one such study, 24 treatment-naïve CHC patients 

were randomised to receive IFN monotherapy alone, or in combination with 

NAC + sodium selenite or NAC + sodium selenite + vitamin E. After 6 months of 

treatment, a higher proportion of patients treated with a regimen including vitamin 

E achieved negative HCV-RNA status, as compared to those receiving IFN mono-

therapy or IFN + NAC + sodium selenite (6/8 vs. 3/8 vs. 2/8; P = 0.11). Comparisons 

of vitamin E- (n = 8) vs. non-treated (n = 16) subjects showed that the odds of achiev-

ing negative HCV-RNA status at the end of vitamin E treatment was 2.4-fold higher 

than otherwise (P = 0.02). However, no beneficial effect on the sustained viral 

response (SVR) was evident (2/8 vs. 1/8 vs. 1/8; P = NS). Surprisingly, no effect on 

oxidative stress marker levels was noted, as assessed by measurement of trolox- 

equivalent antioxidant capacity and levels of thiobarbituric acid-reactive substances 

(TBARSs) [45]. The enhanced end-of-treatment response was not confirmed in a 

placebo-controlled study of 120 CHC patients who were IFN non-responders, ran-

domised to receive IFN with or without NAC (1,200 mg/day) + vitamin E (600 mg/

day) for 6 months. ALT normalisation rates were similar at the end of treatment 

(10.3 % vs. 9.7 %; P = NS) and 6 months after completing treatment (1.3 % vs. 0 %; 

P = NS). No patient in either group achieved negative HCV-RNA status by the end 

of treatment [46]. A similar lack of any benefit afforded by vitamin E on HCV-RNA 

loss or SVR was noted in another randomised controlled trial (RCT) in 47 CHC 

patients [47].

Thus, vitamins E and/or C alone, or in combination with anti-HCV therapy, tend 

to reduce serum ALT levels. However, neither HCV titres, nor the histological extent 

of inflammation, nor the extent of fibrosis, was influenced by the vitamins. 

Furthermore, in most studies, the decrease in ALT level was marginal and not sus-

tained after treatment cessation, thereby throwing any clinical significance into 

doubt. Modern treatment regimens feature viral protease inhibitors and other novel 

antiviral medications, and it remains to be seen if antioxidants can exert beneficial 

effects as components of such regimens.

18.2.2  N-acetylcysteine

In an open pilot study on 14 CHC patients who were documented IFN non- 

responders, addition of NAC at 1.8 g/day to IFN improved liver enzyme levels, with 

a decrease in viral load [48], encouraging testing of the NAC/IFN combination in 

better-controlled studies [43, 44]. In a placebo-controlled double-blind RCT, addi-

tion of 1.8 g/day NAC to IFN did not improve the SVR rate [49]. In another pro-

spective, randomised open-label study, the viral response rates were similar in the 

test and control groups but the time to relapse after treatment discontinuation was 

longer after use of NAC (31 vs. 22 weeks; P < 0.05). In terms of HCV infection, the 

goal of treatment (as mentioned earlier) is achievement of SVR, and a 9-week delay 

in relapse of HCV infection is of minimal clinical significance [50].

18 Antioxidant Approach to the Therapy of Chronic Liver Diseases



398

18.2.3  Natural Compounds

An oral formulation of extracts from the milk thistle, silymarin, is widely used in 

the USA for treatment of viral hepatitis. A report by  [51] showed that, of 1,145 

study participants, 33 % had used silymarin either in the past or at the baseline. In 

terms of function, in vitro studies have shown that silymarin exerts anti- inflammatory 

and immunomodulatory functions via inhibition of NF-κB (nuclear factor κ-light-

chain-enhancer of activated B cells) [52]. Furthermore, silymarin significantly 

downregulated HCV core mRNA (by 20–36 %) and protein (by 30–60 %) levels in 

CNS3 cells [53]. Clinical trials showed that silymarin exerted biochemical effects 

[54], allowing attainment of negative HCV-RNA status [55, 56], and one case report 

even found an SVR [57]. However, several studies have reported limited effects of, 

or no consistent benefit afforded by, silymarin in CHC patients [58–61]. Such results 

may have been compromised by small numbers of patients, short treatment dura-

tion, or the low doses used.

In summary, many trials of silymarin have yielded inconsistent results. Silymarin, 

given as an antioxidant to CHC patients, has been either efficient or inefficient in 

terms of reducing enzyme levels in vivo and affecting HCV-RNA levels and/or liver 

histological properties (Table 18.1). Thus, it is difficult to conclude that antioxidants 

are valuable in CHC patients. Silymarin or NAC may potentially be effective but 

further longer-term trials with larger numbers of patients are required.

18.3  Antioxidant Therapy for Alcoholic Liver Diseases

Acute or chronic alcohol consumption increases production of both ROS/RNS and 

other free radical species (e.g., the 1-hydroxyethyl radical), as has been shown in 

both animal models and patients with alcoholic liver diseases (ALD), as described 

in Chap. 13. The high-level increase in oxidative stress mediated by alcohol con-

sumption suggests that it is appropriate to use antioxidants to protect against liver 

damage. Several antioxidants, including vitamin E, S-adenosylmethionine (SAMe), 

polyenylphosphatidylcholine (PPC), and silymarin, have been trialed to this end.

18.3.1  Vitamins E and C

A randomised study featuring administration of tocopherol 500 mg daily for 1 year 

found that no benefit was afforded to ALD patients in terms of either clinical or 

biochemical function, hospitalisation rate, or mortality [62]. Another double-blind, 

placebo-controlled randomised trial of vitamin E at 1,000 UI/day was performed in 

25 patients with alcoholic hepatitis [63]. Significant decreases in the serum levels of 

the fibrogenesis marker, hyaluronic acid, were observed in treated patients, suggest-

ing that further investigations should be performed in large patient cohorts.

L.T.T. Thuy et al.
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18.3.2 Polyenylphosphatidylcholine

PPC prevents excess collagen accumulation by enhancing collagenase activity both 

in cell cultures and animal models [64] and decreases oxidative stress via reduction 

in, or normalisation of, the levels of 4-hydroxinonenal, isoprostanes, and GSH [65, 

66]. PPC (4.5 g/day given orally as 1.5 g tablets three times daily) was tested in 789 

veterans (97 % male; mean age 49 years) with biopsy-proven alcoholic cirrhosis in 

a randomised, double-blind, placebo-controlled multicentre study [67]. The average 

alcohol intake was comparable in both the control and treatment groups, being 

about 225 g/day for 19 years before the start of treatment, but was unexpectedly 

reduced to about 35 g/day during the study period. Liver biopsy was repeated at 24 

months, and the main outcome measure was the fibrosis stage, as compared to that 

at baseline. Two-year biopsies were performed on 412 patients. PPC did not differ 

from placebo in terms of any effect on the principal outcome. However, a trend 

toward a reduction in the development of ascites was evident in the PPC group (9 % 

vs. 14 %; P < 0.057). Fibrosis progression was more common in those with con-

comitant HCV infection (32 % vs. 17 %; P < 0.001). In this latter subgroup, PPC 

treatment improved liver function, as reflected by the serum levels of liver enzymes 

and bilirubin [67].

18.3.3  Silymarin

A total of six RCTs have explored the utility of silymarin in the management of 

ALD patients. Of these, three found that silymarin was effective. In a study of 91 

patients with alcoholic cirrhosis, those given silymarin (520 mg/day) on a long-term 

basis exhibited improvements in 4-year survival, as compared to placebo-treated 

patients (58 % vs. 39 %; P = 0.03) [55]. Another study, in which silymarin was given 

at 420 mg/day, revealed no effect on survival but histological and biochemical 

parameters improved. However, silymarin was given for only 4 weeks [68]. Lirussi 

et al. [69] performed an RCT on 60 outpatients; the test group received a combina-

tion of silymarin and beta-cyclodextrin (silybin-beta-cyclodextrin) for 6 months. 

Significant reductions in serum glucose and triglyceride levels were evident, as was 

a decrease in the levels of an oxidative stress marker, malondialdehyde (MDA), in 

the test, as compared to the placebo-treated group. Such effects may be attributable 

to recovery of the levels of energy substrates, consistent with reduced lipid peroxi-

dation and improved insulin activity. No clinically relevant side-effect was observed 

in either group. Three RCTs (n = 60–97 subjects; silymarin dose: 280–450 mg/day; 

duration: 6–24 months) failed to show any biochemical, histological, or survival 

benefit [70–72], although one study found a significant decrease in the levels of 

oxidative stress markers [70].

18 Antioxidant Approach to the Therapy of Chronic Liver Diseases



400

18.3.4  S-adenosylmethionine

SAMe is a promising antioxidant for treatment of ALD patients. SAMe is a precursor 

of key metabolites including glutathione and polyamines. Oral administration of 

SAMe (1,200 mg/day for 6 months) significantly increased hepatic glutathione lev-

els in subjects both with and without ALD [73]. More importantly, a long-term, 

randomised, placebo-controlled, double-blind, multicenter clinical trial of SAMe in 

123 patients with alcoholic cirrhosis found that oral SAMe (1,200 mg/day) improved 

survival compared with placebo [74].

In general, antioxidant therapy for ALD using SAMe or silymarin potentially 

improves survival if high doses are given long-term. Both agents are well-tolerated; 

no significant adverse effects were noted [69, 74].

18.4  Antioxidant Therapy for Non-alcoholic Fatty Liver 
Disease and Non-alcoholic Steatohepatitis

The associations between non-alcoholic fatty liver disease (NAFLD)/non-alcoholic 

steatohepatitis (NASH) and biomarkers of oxidative stress and lipid oxidation have 

been assessed in many human and animal studies [75–78]. To date, no established 

pharmacological treatment for NAFLD/NASH has been reported. Depletion of anti-

oxidants within hepatocytes, thus impairing ROS inactivation, forms the basis of 

antioxidant supplementation to potentially treat NASH. Several agents have yielded 

encouraging results; these include vitamin E, vitamin C, betaine, ursodeoxycholic 

acid (UDCA), pentoxifylline, metformin, and NAC (Table 18.2).

18.4.1  Vitamins E and C

Hasegawa et al. found that the serum alanine transaminase level decreased in 

NAFLD patients, but not NASH patients, after 6 months of vitamin E supplementa-

tion [79]. However, histological findings, including those of steatosis, inflamma-

tion, and fibrosis, improved after alpha-tocopherol treatment of NASH patients. 

of oxidative stress markers including TRX and TBARS, decreased significantly 

after 6 months of vitamin E therapy [80]. Interestingly, in obese children with 

NASH, daily oral vitamin E administration for 4–10 months normalised serum ami-

notransferase and alkaline phosphatase levels [81], although only 11 subjects were 

involved in the cited study. A large-scale trial involved 247 adults with NASH (but 

without diabetes) given pioglitazone at 30 mg daily (80 subjects), vitamin E at 

800 IU daily (84 subjects), or placebo (83 subjects) over a long duration (96 weeks) 

[82]. The results clearly showed that, as compared to placebo, vitamin E therapy 

L.T.T. Thuy et al.
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was associated with significant improvement in NASH, with no worsening of fibrosis 

(43 % vs. 19 %, P = 0.001). Both compounds reduced liver enzyme levels, local 

inflammation, and hepatic steatosis [82].

A combination of daily alpha-tocopherol (vitamin E 1,000 IU) and vitamin C 

(1,000 mg) given for 6 months in a prospective, double-blind, randomised, placebo- 

controlled trial significantly improved fibrosis scores in 49 patients; 45 completed 

the study [83]. However, no improvement in necroinflammatory activity or ALT 

level was seen using this combination therapy. Not only combinations of vitamin E 

and C, but also a nutritional programme improved outcomes. Nobili et al. found that 

both diet and physical exercise in NAFLD children seemed to significantly improve 

both liver function and glucose metabolism, even in the absence of any antioxidant 

therapy [84] (Table 18.2).

18.4.2  Betaine

Betaine, the donor of methyl groups for remethylation of homocysteine, may be 

a therapeutic agent in the context of NASH. Abdelmalek et al. conducted a pilot 

study on ten patients with NASH who were given an oral solution of anhydrous 

betaine (Cystadane) in two divided doses daily for 12 months [85]. Significant 

improvements in the serum levels of aspartate aminotransferase (P = 0.02), the 

extent of steatosis, the necroinflammatory grade, and the fibrosis stage were evi-

dent during treatment. Eight years later, the cited authors conducted a much 

larger-scale, randomised placebo-controlled study of 55 patients with biopsy-

proven NASH given either oral betaine (20 g daily) or placebo for 12 months [86]. 

However, as compared to placebo, no intra- or inter-group differences in any of 

the non-alcoholic fatty liver disease activity scores, or fibrosis stage, were noted. 

Betaine did not improve hepatic steatosis, but may protect against worsening 

steatosis [86].

18.4.3  Pentoxifylline

A newer antioxidant drug, pentoxifylline, is a methylxanthine compound inhibiting 

production of tumor necrosis factor alpha (TNF-α) and has yielded promising 

results when used to treat NASH patients [87]. Adams et al. performed a 12-month 

pilot-scale trial to assess the efficacy and safety of pentoxifylline (1,600 mg/day) in 

20 patients with NASH. Alanine and aspartate aminotransferase levels were signifi-

cantly reduced, as compared to those at baseline (84 ± 64 vs. 138 ± 76, P = 0.002 and 

58 ± 37 vs. 102 ± 62, P = 0.003, respectively) [88]. However, nine patients withdrew 

from the study, primarily because of nausea, although no serious adverse event 

occurred [88].
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18.4.4  Ursodeoxycholic Acid

UDCA is a naturally occurring bile acid with many hepatoprotective activities and 

was suggested to benefit 24 NASH patients given the compound for 12 months in 

the open-label study of Laurin et al. [89]. Later, the same authors conducted a large- 

scale randomised trial on 166 patients with liver biopsy-proven NASH given UDCA 

for 2 years. Liver enzyme levels decreased, but no change in the extent of steatosis, 

necroinflammation, or fibrosis was evident [90]. In contrast, UDCA given in com-

bination with Vitamin E for 2 years yielded results differing from those afforded by 

UDCA + placebo in that both liver enzyme levels and histology improved in NASH 

patients [91].

18.4.5  Metformin

As insulin resistance plays roles in the pathogenesis of NAFLD and NASH, insulin- 

sensitising drugs including metformin have been tested in NASH patients [92–94]. 

Several open-label, RCTs [95–98] have shown that metformin reduced liver enzyme 

levels in, and improved histology of, NALFD/NASH patients, as also shown in 

other studies [92, 94, 96, 98].

18.4.6  N-acetylcysteine

NAC has been tested in two studies on NASH patients. Prescription of 600 mg/day 

NAC given in an open-label, prospective randomised study that ran for 4 weeks 

improved liver enzyme levels [99]. Another open-label prospective trial included 20 

NASH patients given NAC 1.2 g/day and metformin 500 mg/day for 12 months. All 

of liver enzyme levels, the extent of insulin-resistance, body mass index, and liver 

histological findings (including steatosis and fibrosis), improved, although NAC 

had no effect on ballooning or inflammation [94].

In general, oxidative stress and antioxidant defences are both complicated net-

works of enzymatic and non-enzymatic processes that are not in balance as NALFD/

NASH progresses. The effects of antioxidant therapy on such patients may depend 

on disease stage and severity. As the results of many antioxidant trials are contradic-

tory, the utility of antioxidant therapy in those with NAFLD/NASH requires further 

evaluation, including the performance of large-scale studies using combinations of 

two or more antioxidants. Moreover, both lifestyle modifications and pharmaceuti-

cal interventions specifically targeting the principal signaling pathways involved 

not only in oxidative stress but also in inflammation, lipid peroxidation, and fibrosis 

should be tested.
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18.5  Antioxidant Therapy for Liver Fibrosis and Cirrhosis

Cirrhosis, an advanced stage of liver fibrosis, may be reversible not only histologically 

[100], but also in terms of clinical outcomes [101]. Therefore, therapies that prevent 

or reverse cirrhosis are in great demand. Oxidative stress is pathogenetically associ-

ated with fibrosis development and progression via ROS-induced cellular injury and 

RNS-induced dysregulation of the hepatic microcirculation. Thus, antioxidants 

appear to afford great therapeutic potential as treatments of fibrosis/cirrhosis, pro-

vided that sufficient levels of antioxidant activity can be delivered to sites of injury 

within the liver. Experimental models of liver fibrosis/cirrhosis have been used to 

evaluate antioxidant compounds including food supplements and drugs including 

polyunsaturated phosphatidylcholine (PPC) [102], peroxisome proliferator-acti-

vated receptor (PPAR) α ligand [103], UDCA [104], and resveratrol [105–108].

SAMe, silymarin, and vitamin E have been tested in liver fibrosis/cirrhosis 

patients. SAMe is required for methylation of many substrates (DNA, proteins, lip-

ids, and many small molecules) and polyamine synthesis. Thus, if the SAMe con-

centration falls below a certain level, or rises excessively, normal liver function will 

be compromised [109]. SAMe has exhibited beneficial effects when used to treat 

alcoholic liver cirrhosis, as discussed in Sect. 18.3.2 [74]. The results of the study 

cited therein indicated that long-term treatment with SAMe may improve survival 

or delay the need for liver transplantation in patients with alcoholic liver cirrhosis, 

especially those with less advanced liver disease. Moreover, treatment with SAMe 

seemed to be safe and free of side-effects [74]. In a double-blind, placebo- controlled, 

multicenter clinical trial performed on 220 patients with chronic liver disease 

(chronic active hepatitis and cirrhosis), SAMe significantly improved serum marker 

levels (bilirubin and alkaline phosphatase) and subjective symptoms (pruritus and 

fatigue) associated with cholestasis [110].

Treatment of hepatic cirrhosis with silibinin, the major active constituent of 

silymarin, improved antioxidant status, enhanced cytoprotection, reversed fibrosis, 

and stimulated regeneration. Dose-dependent decreases in hepatic enzyme activity 

after silibinin treatment have been reported [111]. In a placebo-controlled trial, 

patients with cirrhosis taking silibinin had higher total glutathione concentrations 

and exhibited concurrent decreases in the level of the N-terminal propeptide of type 

III collagen, a biomarker of hepatic fibrosis [70]. In RCTs, lower mortality rates 

have been documented when silibinin was given to patients with cirrhosis [112]. 

All-cause mortality of cirrhotic patients decreased by 4.4 % and mortality from 

liver disease by 7.3 % [113]. Although evidence supporting efficacy is, therefore, 

good, silibinin is not considered suitable for use as a sole treatment but, rather, as 

an adjunct drug indicated for treatment of a variety of acute and chronic diseases 

affecting liver function. The available information on silibinin disposition and 

pharmacodynamics in both small domestic animals and large animal herbivores is 

limited [114]. Additional pharmacokinetic and pharmacodynamic studies of poten-

tially valuable agents in healthy animals are essential to accumulate evidence-

based clinical data.
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The effects of vitamin E in alcoholic or NASH patients with fibrosis or cirrhosis 

have been discussed in Sects. 18.4 and 18.5 above. The most promising results were 

afforded by the PIVEN trial [82] involving 247 patients treated for 96 months with 

vitamin E. Histological regression was evident, and fibrosis did not progress.

In summary, although antioxidant treatments may be used as adjunct therapies, 

prevention or reversion of liver fibrosis/cirrhosis requires elimination of the relevant 

etiologic agent or disruption of the pathogenic processes causing liver injury. There 

is as yet but slim evidence that antioxidant treatment alone can achieve these goals.

18.6  Conclusion

The antioxidant defence system is complex, involving the actions of intracellular 

enzymes, non-enzymatic substances that serve as scavengers, and dietary compo-

nents. The defence system normally controls production of both ROS and RNS. 

Oxidative stress occurs when a significant imbalance develops between ROS and 

RNS production and removal. Thus, antioxidant therapy targets (1) recovery of anti-

oxidant enzyme/compound levels, and (2) reduction in ROS and RNS production. 

Although antioxidant therapies have yielded valuable results in animal models, the 

results from human trials remain inconsistent. Today, only silymarin is recom-

mended as a therapy for patients with ALD and vitamin E as an antioxidant for 

patients with NASH. The discrepancies in treatment outcomes after delivery of anti-

oxidant therapies might be less were several deficiencies of most trials need to be 

overcome. These include small sample size, short treatment duration, and difficul-

ties in defining clinical endpoints. Moreover, variations in the antioxidants used and 

the doses thereof fundamentally influence biological outcomes. Although it is dif-

ficult to design studies that overcome all of these limitations, especially when fund-

ing for such work is sparse, antioxidant therapies remain attractive and promising 

approaches for the treatment of liver diseases.
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    Chapter 19   
 Liver Cancer Classifi cation 

             Maria     Guido     ,     Samantha     Sarcognato    ,     Matteo     Fassan    , and     Marco     Pizzi   

19.1            Introduction 

 Cancer classifi cation basically aims to provide clinically useful information 
regarding the outcome as well as the therapeutic approach. A standardized classifi -
cation is also the prerequisite for designing clinical trials  and is necessary for any 
medical knowledge improvement. 

 Every pathological classifi cation, ideally, should rely on tumor ontogeny and 
should integrate histological features with immunohistochemical and molecular 
data, in order to identify clinically relevant diagnostic categories. 

 In recent years, this general approach has also been applied to liver neoplasms. 
Traditional clinico-pathological classifi cation has been thus fl anked by molecular 
studies that thoroughly investigated the molecular biology of liver tumors. These 
studies have led to signifi cant progresses in our understanding of liver carcinogen-
esis, despite nowadays a defi nite integration of molecular, clinical, and pathological 
features of liver tumors is still lacking. 

 The current classifi cation of primary liver neoplasms distinguishes each dis-
ease entity according to its resemblance to non-neoplastic liver cells and splits 
them into two main diagnostic categories: (1) hepatocellular carcinoma (HCC), 
which is composed by cells closely resembling non-neoplastic hepatocytes; and 
(2) cholangiocarcinoma (CC), which represents the neoplastic counterpart of 
native bile duct cells. 
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 HCC and CC are heterogeneous tumors with several variants that are characterized 
by peculiar morphological, immunohistochemical, and molecular features. These 
biological differences correspond to variable clinical behavior and response to ther-
apy. In the following paragraphs, the current defi nitions and classifi cation of adult 
primary liver cancers will be outlined.  

19.2     Historical Notes 

 Despite liver masses have been documented since long time, a comprehensive and 
thorough classifi cation of such lesions has been developed only at the beginning of 
the twentieth century. G.B. Morgagni himself, in the eighteenth century, could not 
appropriately discriminate between neoplastic and non-neoplastic liver masses, his 
knowledge being founded on clinical and macroscopic grounds only. Distinction 
between primary and secondary (i.e., metastatic) liver neoplasms was even less 
feasible. It was only at the end of the nineteenth century, with the foundation of 
histopathology, that reliable and reproducible criteria for the classifi cation of liver 
tumors were put into place. Primary tumors could be readily distinguished, for the 
fi rst time, from metastatic disease, and clear-cut concepts regarding liver neoplasms 
were proposed. 

 In 1954, the publication of Edmondson and Steiner’s seminal paper on “primary 
carcinoma of the liver” set the basis for any modern classifi cation and grading- 
system of liver neoplasms [ 1 ]. In particular, the histological patterns identifi ed by 
Edmondson and Steiner still represent the fundament for the modern classifi cation 
of primary liver tumors. Likewise, the originally proposed grading-system for 
hepatic malignancies has so deeply infl uenced the clinical management of patients 
that it is still in use nowadays in the clinical practice. 

 Edmondson and Steiner classifi ed primary liver tumors into three main groups, 
according to their microscopic appearance: (1) liver cell cancers, composed by neo-
plastic cells very similar to hepatocytes; (2) bile duct cell cancers (with their hilar 
variant), characterized by an overall glandular architecture; and (3) cancers with 
features intermediate between liver cell and bile duct cell carcinomas. The latter 
group had also been previously described by several authors [ 2 ], who variously 
referred to them as “mixed” or “duplex-type tumors,” “intermediate-type carcino-
mas,” “carcinoma of dual origin,” “cholangiohepatoma,” “hepatobiliary carcinoma,” 
and “combined liver cell and bile duct carcinoma.” 

 The extreme morphological heterogeneity of liver carcinomas and the existence 
of mixed tumors led to propose many hypotheses regarding their cell of origin. 
Some authors [ 3 ] considered hepatocellular and cholangiocellular carcinoma as 
mere structural variants within the same group of tumors. Such hypothesis was backed 
up by the common embryological origin of hepatocytes and biliocytes and by the 
frequent phenotype exchange between hepatocytes and cholangiocytes (i.e., chol-
angiocellular metaplasia of hepatocytes and hepatocellular metaplasia of 
cholangiocytes). 
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 This holistic view was criticized by other authors, considering HCC and 
cholangiocarcinoma as completely unrelated diseases. Such opinion was mainly 
based on the histopathology of tissue samples (“the origin of hepatocellular and 
cholangiocellular carcinomas from liver cells and bile ducts respectively is abun-
dantly shown by their microscopic appearances” [ 2 ]) and on pathophysiological 
considerations (the phenotype of neoplastic cells was interpreted based on their 
mature cell counterpart, rather than their embryological origin). 

 The origin of hepatocellular and cholangiocellular tumors was surrounded by so 
many uncertainties that it led several authors to adopt a more prudent positions: 
among others, Edmondson and Steiner still considered the histogenesis of liver neo-
plasms an open dilemma and did not propose any interpretation for this specifi c 
issue [ 1 ]. However, the uncertainty in the pathogenesis did not prevent the medical 
community to propose international classifi cations of liver tumors. 

 In 1957, the World Health Organization (WHO), in particular, took the resolution 
to standardize the histological defi nitions, diagnostic criteria, and nomenclature of 
all neoplastic diseases. This endeavor resulted in the publication of a multivolume 
series, the International Histological Classifi cation of Tumors (currently known as 
the “blue books”), that also encompassed gastrointestinal and liver neoplasms. The 
WHO blue book series (fi rst published between 1967 and 1981) had undergone 
periodical updates: the fourth (and last) edition of gastrointestinal, pancreatic, and 
liver tumors has been licensed in 2010 [ 4 ] (Table  19.1 ). Compared to the fi rst edition, 
many modifi cations have been introduced regarding both the terminology of 
premalignant biliary lesions and the defi nition and subclassifi cation of HCC and 
mixed tumors.

19.3        Hepatocellular Carcinoma 

 HCC accounts for 75 % of primary liver malignancies and represents the sixth most 
common cancer worldwide (estimate incidence: 500,000–1,000,000 cases/year; 
higher incidence rates in the male gender). Overall, HCC ranks as the third cause of 
cancer-related death, being the most lethal tumor among cirrhotic patients [ 4 ]. 

 The incidence and mortality of HCC feature consistent geographical variability. 
Such changes are mainly due to differences in the exposure to HCC-carcinogenetic 
factors. The disease burden is highest in areas with endemic HBV-infection (sub- 
Saharan Africa and Eastern Asia; incidence rates >20/100,000/year) and lowest in 
North- and South-America (<5/100,000/year). Mediterranean countries, such as 
Italy, Spain, and Greece, occupy an intermediate position, with an incidence rate 
ranging from 10 to 20/100,000/year [ 5 ]. 

 Regions with high disease burden are characterized by a mean age at diagnosis 
signifi cantly lower than that of North America and Europe (peak incidence at 20–40 
and 60 years, respectively). Again, this discrepancy can be explained by signifi cant 
differences in the exposure to HCC etiological agents. In African and Asian 
 countries, the leading cause of HCC is indeed represented by at-birth HBV infection 
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   Table 19.1    Current WHO classifi cation of malignant epithelial liver tumors   

  Malignant epithelial tumors: hepatocellular  
  Malignancy-associated and premalignant lesions 

   – Large cell change (formerly “dysplasia”) 
   – Small cell change (formerly “dysplasia”) 
   – Dysplastic nodules 
    – Low grade 
    – High grade 
  Malignant 
   – Hepatocellular carcinoma 
   – Hepatocellular carcinoma, fi brolamellar variant 
   – Hepatoblastoma, epithelial variants 
   – Undifferentiated carcinoma 
  Malignant epithelial tumors: biliary  
   Premalignant lesions 
   – Biliary intraepithelial neoplasia, grade 3 (BilIn-3) 
   – Intraductal papillary neoplasm with low- or intermediate-grade intraepithelial neoplasia 
   – Intraductal papillary neoplasm with high-grade intraepithelial neoplasia 
   – Mucinus cystic neoplasm with low- or intermediate-grade intraepithelial neoplasia 
   – Mucinus cystic neoplasm with high-grade intraepithelial neoplasia 

  Malignant 
   – Intrahepatic cholangiocarcinoma 
   – Intraductal papillary neoplasm with an associated invasive carcinoma 
   – Mucinus cystic neoplasm with an associated invasive carcinoma 
  Malignancies of mixed or uncertain origin  
    – Calcifying nested epithelial stromal tumor 
    – Carcinosarcoma 
    – Combined hepatocellular–cholangiocarcinoma 
    – Hepatoblastoma, mixed epithelial-mesenchymal 

and almost 50 % of cases develop in non-cirrhotic livers. Conversely, in Europe and 
North America, the development of HCC is mainly attributable to late-onset HCV 
infection, which usually ensues in early adulthood [ 6 ]. The vast majority of such 
cases (>90 %) occurs in the setting of liver cirrhosis. 

 Ethanol abuse is a well-known risk factor for the development of liver cirrhosis 
and HCC, despite its potential direct carcinogenic effect is still under debate. 
Notably, epidemiological evidence indicates that ethanol potentiates the carcino-
genic activity of both HCV and HBV, possibly accelerating liver fi brosis and cir-
rhotic transformation. 

 In Southern China and sub-Saharan Africa, another important environmental 
hazard is represented by afl atoxin ingestion. Afl atoxins are a group of structurally 
related mycotoxins, produced by several  Aspergillus  species and metabolized to 
 carcinogens by liver enzymes. Afl atoxin may contaminate grains, corn, cassava, 
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peanuts, and fermented soybeans, especially when stored at high-moisture conditions. 
When associated with other HCC-risk factors (e.g., chronic HBV-infection), afl a-
toxins bear a 60-fold increase in the risk of tumor development [ 7 ]. 

 Finally, even systemic metabolic disorders have been linked to liver neoplastic 
transformation. Non-alcoholic fatty liver disease (NAFLD) and metabolic syndrome 
(i.e., a systemic metabolic disorder secondary to obesity or diabetes mellitus) have 
been indeed associated with the development of HCC, especially when cirrhosis has 
fully developed [ 8 ]. Other liver metabolic disorders, such as hereditary hemochro-
matosis and α-1-antitrypsin defi ciency, have been also associated with an increased 
risk of developing HCC. 

19.3.1     Clinical–Pathological Classifi cation 

 According to the clinical-pathologic profi le, two forms of HCC are recognized: (1) 
early HCC (eHCC); and (2) progressed HCC (pHCC). Such distinction, far from 
being of only academic importance, is justifi ed by Japanese studies, reporting sig-
nifi cant differences in the prognosis of the two entities. eHCC, in fact, is character-
ized by a signifi cantly longer time-to-recurrence and by a higher overall survival 
than pHCC [ 9 ]. 

19.3.1.1     Early HCC 

 The defi nition of eHCC has been long debated and signifi cant differences did come 
up between Eastern and Western pathologists regarding the histological criteria for 
its diagnosis [ 10 ]. It was only in recent years that a consensus conference (held 
under the auspices of the Laennec Liver Pathology Society) solved the discrepan-
cies concerning the diagnosis of such disease [ 11 ]. 

 Early HCC is currently defi ned as a well-differentiated HCC <2 cm, character-
ized by a vaguely nodular appearance and by an incomplete arterialized circulation. 
The very low malignant potential of this tumor may lead to consider eHCC as bio-
logically related to other (extra-hepatic) early-stage neoplasms, named as “microin-
vasive carcinomas,” as such occupying an halfway position between in situ and 
invasive carcinoma [ 12 ]. 

 The macroscopic appearance of eHCC is mainly related to the growth pattern of 
neoplastic cells, which replace (rather than push aside) the surrounding hepatocyte 
cords. The incomplete arterialized circulation, with venous vessels still supplying 
blood, interferes with the sensibility of traditional imaging techniques (CT and 
NMR), which largely depends on vascular patterns to distinguish benign from 
malignant lesions. In fact, at CT scans, most eHCCs appear as hypovascular nodular 
lesions, while at NMR, eHCC is characterized by different patterns that vary accord-
ing to sequences used: on T1-weighted images, the tumor appears as an isointense 
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or hyperintense lesion; on T2-weighted images, it is characterized by a mostly 
isointense pattern [ 12 ]. 

 On histology, eHCC is a well-differentiated tumor, with cords of hepatocytes 
very similar to normal liver, often with diffuse fatty changes, documented in up to 
40 % of cases (Fig.  19.1 ).  

 Vascular invasion is rarely (if ever) observed, which confi rms the extremely low 
metastatic potential of this tumor [ 13 ]. The main differential diagnosis of eHCC is 
represented by high-grade dysplastic nodule (HGDN). Differentiating HGDN from 
eHCC can be extremely diffi cult on morphological grounds only. HGDN and eHCC 
have indeed several common histological features (i.e., increased cell density 
compared to the surrounding tissue; presence of intra-tumoral portal tracts; pseudo- 
glandular growth pattern; diffuse fatty changes; presence of unpaired arteries) 
[ 13 ,  14 ] and stromal invasion represents the single, most helpful, parameter to 
differentiate these lesions. Stromal invasion is defi ned as tumor cell invasion into 
the portal tracts or fi brous septa within vaguely nodular lesions [ 10 ]. In the absence 
of an evident stromal invasion, additional immunohistochemical stains can be help-
ful to make the correct diagnosis. Glypican-3 (GPC-3) is a relatively specifi c marker 
for HCC in both resected specimens and liver biopsy samples (sensitivity >75 %; 
specifi city >95 %) [ 15 ], but, on the other hand, a major limit of GPC-3 immunos-
taining is represented by its heterogeneous positivity in most HCC cases. This bias 
can be partially overcome by combining GPC-3 immunostaining with other HCC 
markers (i.e., heat shock protein 70 and glutamine synthetase) and the positivity for 
≥2 of these is indeed highly specifi c of HCC [ 16 ,  17 ]. In addition, gene expression 
profi ling (GEP) has identifi ed a 3-gene signature [ 18 ] encompassing GPC-3, 
lymphatic vessel endothelial receptor, and survivin, capable to discriminate HGDN 
and eHCC with a 94 % accuracy, but unfortunately, the application of GEP technol-
ogy to the clinical practice is still very limited.  

  Fig. 19.1    Early-HCC 
showing diffuse steatosis. 
Some portal tracts are 
evident within the tumor. 
H&E, original 
magnifi cation 20×       
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19.3.1.2     Progressed HCC 

 According to the current defi nitions, pHCC is a well-demarcated tumor which often 
features a fi brous capsule and is moderately differentiated in most cases. Progressed 
HCC may develop from a preexisting dysplastic focus or nodule or from an 
eHCC. The size (<2 cm vs. >2 cm) does not represent a discriminating parameter 
between eHCC and pHCC, as at the earliest stage, progressed HCC can be as small 
as less than 2 cm, like eHCC. pHCC lacks portal tracts and its blood supply is entirely 
provided by newly formed arterial vessels, justifying the characteristic vascular pat-
tern at CT scans (hypervascular appearance with washout in the portal venous 
phase) [ 12 ]. 

   Gross Classifi cation 

 Despite several macroscopic classifi cations of pHCC have been proposed, none of 
them have proven to be of any signifi cant clinical or prognostic relevance. The still 
in use pHCC gross classifi cation, proposed more than a century ago by Eggel 
[ 19 ], comprises three major cancer subtypes: (1) nodular, (2) massive, and (3) 
diffuse HCC. 

 The nodular pattern is the most frequent subtype (usually observed in cirrhotic 
livers). Nodules may be solitary or multiple, with the latter possibly representing 
either synchronous-independent tumors or intra-hepatic metastatic diffusion. 
Multiple nodules should be distinguished from satellite lesions (i.e., nodules <2 cm 
surrounding a major tumor mass), associated with an adverse prognosis. 

 The massive subtype consists of large, poorly circumscribed nodules that may 
occupy an entire hepatic lobe (commonly reported in non-cirrhotic livers). 

 Finally, the diffuse HCC is the least common subtype characterized by several 
small nodules, virtually replacing the entire liver and mimicking cirrhosis. Diffuse 
HCC may represent a true challenge for the clinical/radiological diagnosis [ 20 ].  

   Histologic Classifi cations 

 pHCC, in its classical form, is composed of tumor cells recalling normal hepatocytes, 
separated by sinusoidal-like spaces lined by a single layer of endothelial cells 
(Fig.  19.2 ) that stain positive for endothelial markers, such as CD34 and factor 
VIII. This feature may prove useful in the differential diagnosis of well- differentiated 
tumors [ 21 ].  

 Sometimes, pHCC displays also diffuse hepatocyte steatosis, even if the preva-
lence of such changes is signifi cantly lower than those in eHCC. As a general rule, 
fatty change inversely correlates with the tumor size and is relatively uncommon 
in HCCs larger than 3 cm [ 22 ]. Microvascular invasion (mVI) is another relatively 
common feature of pHCC. Recent studies indicate that the pattern of mVI vari-
ably correlates with  prognosis: in particular, invasion of vessels with a  muscular 
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 tonaca media  and/or more than 1 cm away from the tumor mass has been associated 
with higher recurrence rates and decreased overall survival [ 23 ]. 

 Based on the architectural patterns, HCC is traditionally classifi ed into: (1) tra-
becular, (2) pseudoglandular, and (3) compact type [ 22 ]. These patterns may fre-
quently coexist within the same tumor and correlate with the neoplastic grade of 
differentiation: the trabecular pattern is usually seen in well-differentiated HCC, 
while the compact pattern is more frequently reported in moderately to poorly dif-
ferentiated tumors. Although the architectural classifi cation does not represent an 
independent prognostic predictor, its knowledge is of pivotal importance to cor-
rectly resolve differential diagnosis problems. 

 Cytological variants of pHCC have been also described [ 24 ] and include: (1) 
clear-cell, (2) pleomorphic, and (3) spindle-cell variant. With the exception of the 
spindle-cell type (which represents a sarcomatous, poorly differentiated tumor), 
these cytological variants do not affect the HCC clinical behavior. Again, the ratio-
nale for their identifi cation largely relies on possible problems in the differential 
diagnosis with metastases of tumors of extra-hepatic origin. 

 As for the immunohistochemical features, about 90 % of HCCs do express Hep- 
par1 antigen (carbamoyl phosphate synthetase-1) [ 24 ] with a decreasing positivity 
in less differentiated tumors. Positive immunostain for cytocheratin 19 (CK19, a 
marker of stemness) has been correlated with poorer prognosis, higher recurrence 
rates, and lymph node metastases [ 25 ]. A recent international study [ 26 ] has indeed 
demonstrated that CK19-positive HCCs strongly express invasion- and metastasis- 
related markers, biliary/progenitor cell markers, and members of the miR-200 
family (e.g., miR-141 and miR-200c). These data have been confi rmed by in vitro 
analyses, reporting increased invasiveness and resistance to conventional chemo-
therapy for CK19-positive human HCC tumor cells. These observations may lead 
to consider CK19-positive HCCs as a separate and more aggressive clinico- 
pathological entity [ 26 ]. 

  Fig. 19.2    Classical HCC 
with trabecular pattern. H&E, 
original magnifi cation 100×       
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 Beside the classical forms of pHCC, the fi brolamellar variant deserves special 
consideration. Fibrolamellar HCC (FLC) is a rare entity, representing approxi-
mately 5 % of all HCCs (range: 1–8 % of cases, depending on the studies and 
populations considered) [ 27 ]. FLC has peculiar clinical, morphological, and molec-
ular features, as it occurs most frequently in non-cirrhotic livers of children and 
young adults, with no history of chronic liver disease, and unlike classical HCC, it 
does not show any sex predominance [ 27 ,  28 ]. 

 On gross examination, the majority of FLCs appears as a yellow to pale nodule 
with a central scar. Histologically, the tumor consists of nests and cords of large and 
polygonal hepatocytes surrounded by a collagenous, lamellar stroma (Fig.  19.3 ). At 
immunohistochemistry, FLC is positive for HepPar-1, but, unlike classical HCC, it 
stains for CK7 and the histiocytic marker CD68 [ 27 ,  29 ].  

 Different studies indicate that the uniqueness of FLC extends to the molecular 
level. Compared to classical HCC, FLC is genetically more stable, with only few 
large chromosomal rearrangements and rare mutations/over-expression of  p53  and 
 β - catenin  genes. Polysomy of chromosome 7 leads to  EGFR  up-regulation, which, 
in turn, makes FLC a good candidate for anti-EGFR-based therapies [ 27 ]. 

 The unique clinico-pathological and molecular characteristics of FLC pose legit-
imate questions regarding its ontogenesis. A recent study has demonstrated that 
FLC has a unique transcriptomic signature characterized by the strong expression of 
specifi c neuroendocrine genes, suggesting that these tumors may have a cellular 
origin different from that of HCC [ 30 ]. 

 Very recently, a new histological variant of HCC has been described. This vari-
ant, designated as “chromophobe HCC with abrupt anaplasia” (CHAA), is com-
posed of cells with smooth contours, chromophobe cytoplasm, and focal nuclear 
anaplasia. CHAA is often associated, through FISH analysis, with an alternative 
lengthening of telomere (ALT) phenotype [ 31 ]. 

  Fig. 19.3    Needle biopsy 
showing fi brolamellar HCC 
composed of large 
eosinophils (oncocytic) cells 
within fi brous stroma. H&E, 
original magnifi cation 100×       
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 The differential diagnosis of pHCCs is rarely a problematic one, thanks to their 
usually straightforward morphological and immunohistochemical features, but 
poorly differentiated HCC must be distinguished from high-grade cholangiocarci-
noma and secondary liver tumors. In such cases, a panel of immunohistochemical 
markers encompassing Hep-Par1, CD10, low and high molecular-weight cytokera-
tins is usually helpful [ 24 ]. 

 A main diagnostic diffi culty is represented by the differential diagnosis between 
hepatocellular adenoma (HA) and well-differentiated HCC, occurring in non- 
cirrhotic livers. This differential diagnosis represents a challenge for tumors occur-
ring in unusual clinical settings, such as in a man or an older woman or showing 
focal atypical morphologic features. Evason and coll. termed these tumors “atypical 
hepatocellular adenoma-like neoplasms” and demonstrated that most of them show 
beta-catenin activation and cytogenetic alterations similar to well-differentiated 
HCC [ 32 ]. Bedossa et al. recently suggested the alternative term “well- differentiated 
hepatocellular neoplasm of uncertain malignant potential” (HUMP), which would 
imply both a lack of clear-cut diagnostic criteria and the need for a close clinical 
follow-up [ 33 ]. Further studies are required to better characterize this category.  

   Classifi cation by Histologic Grade 

 Classical HCC is currently graded according to Edmodson and Steiner’s criteria [ 1 ], 
which identifi ed four differentiation grades, according to the severity of nuclear and 
cytological atypia. 

 Grade 1 (G1) consists of well-differentiated cells, which are very similar to nor-
mal or hyperplastic hepatocytes. Grade 2 (G2) HCC still closely resembles normal 
hepatic cells, but nuclei are larger and more hyperchromatic than G1. Both G1 and 
G2 tumors feature a thin trabecular or pseudoglandular growth pattern. 

 Grade 3 (G3) is characterized by cells with larger and more hyperchromatic 
nuclei than G2 tumors. Neoplastic cells form broad  trabeculae  (composed of three 
or more cell layers) and are often arranged in a pseudoglandular growth pattern. 
In Grade 4 (G4) carcinomas, nuclei are intensely hyperchromatic and occupy the 
greater part of the cell. G4 HCCs usually display a compact growth pattern, with no 
evidence of sinusoid-like blood spaces. While occasional spindle cells can be noted, 
the presence of a diffuse spindle cell component allows to classify the tumor as 
undifferentiated (or sarcomatous) HCC. 

 Within the same tumor, different grades of differentiation are often detected, 
with less-differentiated components being located in the central portion of the lesion 
(Fig.  19.4 ). This heterogeneity explains the poor predictive value of needle biopsy 
in the overall grading of HCC lesions.  

 From a clinical perspective, HCC grading represents a fundamental parameter to 
predict prognosis and survival rate after different therapeutic approaches. Some ref-
erence centers have also included neoplastic grade in the diagnostic and prognostic 
work-up for patients suitable to undergo liver transplantation [ 34 – 36 ].    
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19.3.2     Molecular Classifi cation 

 The emerging of targeted therapies approach strictly requires both an accurate his-
tological and molecular subclassifi cation of HCCs [ 37 ]. In this context, the rapid 
development of next-generation technologies (i.e., next-generation sequencing, 
microarray analysis) allowed a preliminary extensive characterization of HCC 
molecular background and helped to face off the increasing complexity of testing 
several biomarkers on the same tumor sample, which is usually represented by 
small liver biopsies. 

 However, despite a huge amount of molecular data being generated, it is not clear 
yet which of the many genomic, genetic, and epigenetic alterations are the most 
critical in liver carcinogenesis and/or in defi ning HCC biological behavior. For this 
reason, there is currently no molecular subclassifi cation of HCCs that is widely 
accepted and also routinely applicable in the clinical practice. Nevertheless, a num-
ber of molecular genetic markers have been found to correlate with clinical param-
eters, and in some instances, to have independent prognostic value. 

 Chromosomal aberrations are common in HCC, but most of them do not proba-
bly drive tumor progression [ 38 ]. An increased number of chromosomal alterations 
(mainly losses) are observed in HBV-related tumors. Common alterations include 
gain of chromosomes 1q, 8q, and 17q, and loss of 4q [ 39 ]. Recent data from whole 
genome analysis showed that the main HCC chromosomal alterations are repre-
sented by the gain of 1q, 5, 6p, 7, 8q, 17q, and 20, and the loss of 1p, 4q, 6q, 8p, 13q, 
16, 17q, and 21 [ 40 ]. 

 Until recent years, only four genes were known to display frequent alterations in 
HCC:  TP53 ,  CTNNB1  (encoding the oncogene β-catenin),  AXIN1 , and  CDKN2A  
(encoding the tumor suppressor p16INK4a) [ 41 ,  42 ].  TP53  mutations are the most 

  Fig. 19.4    Different grades 
of differentiation within a 
same tumor. Edmondson G2 
( left ) and G3 ( right ). H&E, 
original magnifi cation 40×       
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frequently observed (20–40 %), with a higher prevalence among Asian patients. 
Clinically, these alterations have been associated to a poorer patient’s prognosis. 

 Recent whole exome and genome studies underlined the involvement of several 
other tumor suppressor genes ( TP53 ,  PTEN ,  RB ), oncogenes ( c - MYC ,  KRAS ,  MET , 
 BRAF ), developmental pathways (Wnt/β-catenin, Hedgehog), or growth factors and 
their receptors ( IGF2 ,  TGFB1 ,  FGFR ) [ 40 ,  43 – 47 ]. As for other tumor types, also 
in HCC recurrent somatic mutations have been observed in genes annotated as asso-
ciated with chromatin regulation, such as  ARID1A ,  ARID1B ,  ARID2 ,  MLL , and 
 MLL3  [ 48 ]. Genetic sequencing also confi rmed HBV integrations at cancer-related 
genes such as  TERT ,  MLL4 , and  CCNE1 . Moreover, novel tumor suppressive 
properties were identifi ed for  IRF2 , whose inactivation led to impaired  TP53  
function [ 40 ]. 

 Epigenetic mechanisms are key molecular transformation processes involved in 
the long preneoplastic stages leading to HCC [ 49 – 51 ]. The hypermethylation of 
CpG islands acts as an alternative, complementary pathway to gene mutation and is 
an important mechanism involved in carcinogenesis. Both HBV and HCV induce 
epigenetic changes in specifi c genes involved in DNA repair, cell cycle control, and 
apoptosis signaling ( RASSF1A ,  GSTP1 ,  CHRNA3 , and  DOK1 ) in HCC compared to 
cirrhotic or normal liver tissues. 

 An involvement of microRNAs has been recently demonstrated, in HCC, as 
in other cancers [ 52 ], and independent studies described a consistent deregula-
tion of miR-122, miR-199, miR-221, and miR-21 in HCCs. Several miRNA 
signatures have been found to correlate with important parameters, such as 
metastatic potential, differentiation, tumor recurrence, and patient survival 
[ 53 ]. Among others, miR-122 is almost exclusively expressed in normal hepa-
tocytes, where it appears to act as a key regulator for their differentiation, via 
repression of genes not specifically involved in liver biology. Targeting this 
miRNA for the treatment of HCV infection by LNA-antimiR (miravirsen or 
SPC3649; Santaris Pharma, Denmark) represents the first example of miRNA-
based clinical trial [ 54 ,  55 ].  

19.3.3     Classifi cation of Premalignant Hepatocellular Lesions 

 The vast majority of HCCs (>90 %) develops on a background of chronic hepatitis 
and/or liver cirrhosis. The hepatocellular carcinogenic cascade is a multistep 
sequence of both phenotypic and molecular alterations, which has been thoroughly 
characterized in the cirrhotic setting. Unfortunately, little is still known regarding 
the neoplastic transformation of hepatocytes in non-cirrhotic livers. 

 Precancerous hepatocellular lesions comprise: (1) large cell change (LCC); (2) 
small cell change (SCC); (3) dysplastic foci (DF); and (4) dysplastic nodules (DN) 
[ 22 ]. In the next paragraphs each of these categories will be briefl y outlined. 
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19.3.3.1     Large Cell Change 

 LCC is defi ned as a hepatocellular lesion characterized by increased cell size, 
nuclear pleomorphism with hyperchromasia, and multinucleation (Fig.  19.5 ).  

 LCC was originally described by Anthony and colleagues [ 56 ], who named it 
“liver cell dysplasia” (LCD). This name was deliberately chosen to underline the 
role of LCC as a preneoplastic lesion, which was inferred from its signifi cant higher 
frequency in cirrhotic livers and in close proximity to HCC [ 57 ]. 

 In recent years, the term “dysplasia” has been substituted by the more noncom-
mittal “LCC,” since the premalignant potential of such lesion has not been ulti-
mately proven. In fact, according to the current literature, LCC likely represents an 
heterogeneous group of lesions, spanning from reactive hepatocyte hyperplasia to 
true preneoplastic proliferations [ 58 ]. This view is sustained by molecular studies, 
reporting a heterogeneous genetic profi le for LCCs. In particular, LCCs associated 
with HBV-cirrhosis feature a molecular signature quite similar to that commonly 
observed in HCC (telomere shortening, increased DNA damage, inactivation of the 
cell cycle checkpoints p16 and p21). Conversely, such genetic changes are never 
observed in LCCs associated to cholestatic liver disorders [ 59 ]. 

 From a practical point of view, however, prospective studies have consistently 
demonstrated that LCC is associated with an increased neoplastic risk [ 60 – 63 ] and 
its identifi cation may help to select high-risk cirrhosis.  

19.3.3.2     Small Cell Change 

 SCC, originally referred to as “small cell dysplasia” [ 64 ], is a hepatocyte lesion 
characterized by cells with scant, basophilic cytoplasm, mild nuclear pleomorphism, 
chromatin hyperchromasia, and increased nuclear-cytoplasmic ratio (“nuclear 

  Fig. 19.5    Large cell change 
in cirrhosis. H&E, original 
magnifi cation 200×       
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crowding” at low power-view). The incidence of SCC in cirrhotic livers varies from 
<1 % (biopsy samples) to up to 50 % (liver explants) [ 58 ]. Unlike LCC, SCC is 
considered a true dysplastic lesion, given its high proliferative activity, frequent 
chromosomal gains or losses, telomere shortening, and inactivation of the check-
point protein p21. Despite this, literature studies, investigating the correlation 
between SCC and the risk of HCC, have reported confl icting results [ 60 ,  63 ,  65 ,  66 ].  

19.3.3.3     Dysplastic Foci 

 Dysplastic foci (DF) are small clusters of hepatocytes (major diameter <0.1 cm), 
characterized by LCC, SCC, or (in hemochromatosis) lacking of cytoplasmic iron 
[ 67 ]. DF may be observed in dysplastic nodules (DNs) and HCCs, but have never 
been reported in regenerative nodules. Foci of SCC can display immunophenotypic 
features resembling either progenitor or intermediate hepatocyte-like cells, provid-
ing a hint regarding their possible origin [ 68 ]. 

 Another clonal-like lesion, fi rst described in 1980, is referred to as “foci of 
altered hepatocytes” (FAHs). FAHs have been further subclassifi ed in: (1) clear- 
cell; (2) mixed-cell; and (3) basophilic-cell foci [ 69 ,  70 ]. These lesions have been 
identifi ed in resections of HCC/hepatic cirrhosis and in numerous animal models of 
liver carcinogenesis. Clear cell FAH in non-cirrhotic livers feature the activation of 
signaling pathways similar to those observed in human and rodent hepatocarcino-
genesis (AKT/mTOR and Ras/MAPK pathways) [ 71 ]. These observations may pro-
vide a clue to the still open issue of hepatocarcinogenesis in the non-cirrhotic liver 
(Fig.  19.6 ).   

  Fig. 19.6    ( a ) dysplastic focus composed of hepatocytes showing small cell change; ( b ) clear cell 
focus of altered hepatocytes in non-cirrhotic liver. H&E, original magnifi cation 40× ( a ), 100× ( b )       
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19.3.3.4     Dysplastic Nodule 

 Dysplastic nodules (DNs) are real nodular lesions, usually originating in hepatic 
cirrhosis and only rarely reported in non-cirrhotic chronic liver disorders. DNs are 
signifi cantly larger than DF (main diameter: 1–2 cm) and can be detected by con-
ventional imaging techniques. On gross examination, DNs consist of clear-cut nod-
ular lesions bulging from the cut surface and sharply demarcated form the 
surrounding parenchyma [ 58 ]. 

 Depending on the degree of cyto-architectural atypia, DNs are classifi ed into (1) 
low-grade (LGDN) and (2) high-grade (HGDN) lesions. 

 LGDNs are characterized by mildly increased cell density and scant cytological 
atypia and may show LCC, but not SCC. Their blood supply is mainly of portal 
origin, which justifi es the hypovascular or isovascular pattern during the arterial- 
phase of contrast-enhanced imaging. On histological grounds, clonal LGDNs can 
be barely distinguished from non-clonal regenerative nodules (RNs). Such distinc-
tion is, however, of negligible clinical impact, since neither LGDN nor RG need to 
be surgically treated [ 72 ]. 

 In HGDNs, the degree of cytological and/or architectural atypia is more severe 
than in LGDNs, but falls short for a confi dent diagnosis of HCC. In HGDNs, SCC 
is the most frequently documented type of cytological atypia. As previously illus-
trated, the differential diagnosis between HGDN and eHCC can be extremely 
diffi cult (see above). 

 Several data support the premalignant nature of DNs: clinical–epidemiological 
studies on cirrhotic patients have reported a strong association between DNs and 
HCC [ 73 ,  74 ]; histological studies have documented a morphological  continuum  
between LGDN, HGDN, and HCC [ 75 ]; molecular analyses have demonstrated that 
DNs and HCC are closely related lesions, characterized by similar epigenetic and 
genetic changes (e.g., loss of heterozygosis, chromosomal imbalance, telomere 
shortening, and telomerase reactivation) [ 76 – 79 ].    

19.4     Intrahepatic Cholangiocarcinoma 

 Cholangiocarcinoma (CC) is a heterogeneous malignancy in terms of epidemiology, 
risk factors, histopathology, molecular pathology, and clinical features. The current 
WHO classifi cation considers two different pathological entities, i.e. (1) intrahe-
patic (iCC), and (2) extrahepatic (eCC) CC [ 22 ]. 

 iCC is defi ned as a primary liver neoplasm featuring biliary epithelial differentia-
tion and arising from any portion of the intrahepatic biliary tree. Cancers originating 
from the hepatic ducts or from their confl uence are currently considered within the 
group of eCC and usually referred to as “hilar CC” (or Klatskin tumor). 

 Despite its widespread clinical use, this classifi cation has been criticized for two 
main reasons [ 80 ]. Firstly, the diagnosis of CC is frequently made at advanced disease 
stages, when the intrahepatic or extrahepatic origin of the tumor can be impossible 
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to assess (up to 40 % of CCs are indeed classifi ed as “not otherwise specifi ed”). 
Secondly, hilar CCs not necessarily originate solely from large biliary structures, 
but, in fact, perihilar liver parenchyma also contains small bile ducts and ductules, 
which may theoretically undergo neoplastic transformation. Nonetheless, since the 
current WHO classifi cation of liver tumors considers these diagnostic categories, it 
is still advisable to recur to them in the clinical practice. The following paragraphs 
will be focused on the clinical–pathological features of iCC. 

19.4.1     Intrahepatic Cholangiocarcinoma 

 iCC is the second most common primary hepatic malignancy. The actual incidence 
and prevalence of iCC are scarcely defi ned, as few studies addressed this issue and 
most cancer registries do not discriminate between CC and other hepatobiliary 
malignancies (i.e., HCC and gallbladder carcinoma). The available literature data 
report signifi cant geographical differences in the incidence of such tumor, which 
probably refl ect variable exposure to CC-risk factors. The highest incidence rates 
have been documented in Thailand (113/100,000 in the male population; 
50/100,000 in the female population), with Western countries being characterized 
by a signifi cantly lower number of cases (0.2/100,000 in the male population; 
0.1/100,000 in the female population) [ 81 ]. 

 Time-trend studies have reported a worldwide increase in the incidence of iCC with 
little changes in the epidemiology of eCC [ 82 ], stirring a debate regarding if these data 
represent true epidemiological trends or the result of misclassifi cation biases. 

 iCC usually affects adult patients, with a mean age at diagnosis of about 50 
years. A signifi cant exception to this rule is represented by patients affected by pri-
mary sclerosing cholangitis (PSC), possibly developing iCC one decade earlier than 
the general population (mean age at diagnosis: 40 years). iCC has an extremely poor 
prognosis, with a 5-year overall survival of about 10 % and with no signifi cant 
improvements in the outcome of this tumor observed in the last decades. 

 Despite the etiology of iCC is still largely unknown, a common pathogenetic 
mechanism seems to be represented by chronic infl ammation of the biliary tree. 

 In Eastern countries,  Opisthorchis viverrini  and  Clonorchis sinensis  play a major 
role in the pathogenesis of iCC, causing chronic cholangiocyte irritation and 
increased cellular turnover [ 83 ]. This, in turn, increases the susceptibility of biliary 
cells to endogenous and exogenous carcinogens. Other well-known iCC risk factors 
are represented by hepatolithiasis (2–10 % risk of iCC), bile-duct cysts, and rare 
congenital disorders of the biliary tree (e.g., cystic dilatation of the extra and/or 
intrahepatic bile ducts) [ 81 ]. 

 Very recent Japanese studies have also reported a signifi cant higher incidence of 
CC in a cohort of young adults (mean age: 36 years), employed in a printing com-
pany and exposed to chlorinated organic solvents. The strength of such association 
(17 cases out of 111 workers) led the Japanese Government to include this type of 
CC within the list of occupation-related disorders [ 84 ,  85 ]. 
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 In Western countries, PSC is the main recognized risk factor for CC (10 % of 
overall CC cases) [ 81 ]. The lifetime incidence of CC among PSC-patients ranges 
from 6 to 36 %, with an annual incidence risk of approximately 0.5–1.5 %. Other 
signifi cant iCC precancerous conditions are represented by liver cirrhosis (irrespec-
tive of its etiology), HBV, and HCV chronic viral hepatitis (odds ratios: 22.92, 5.1, 
and 4.8, respectively) [ 81 ]. 

 The clinical challenge lies on the early diagnosis of iCC, since the disease 
becomes symptomatic only at advanced stages and no specifi c laboratory markers 
are available so far. As such, the recognition of iCC requires a high index of suspi-
cion and a multidisciplinary approach, based on clinical, laboratory, endoscopic, 
radiologic, and histological analyses. 

19.4.1.1     Gross Classifi cation 

 According to its macroscopic appearance, iCC is classifi ed into: (1) mass-forming 
(MF); (2) periductal-infi ltrating (PI); and (3) intraductal-growth (IG) iCC [ 22 ]. 

 MF iCC is the most common subtype and presents as a nodular, un-encapsulated, 
and frequently multi-lobulated mass. On gross examination, it appears as a light-tan 
lesion with a gray-white central portion, corresponding to extensive fi brous scarring. 

 PI iCC displays a peculiar growth pattern, with spreading along portal tracts. 
Neoplastic cells surround and compress native biliary structures. On occasion, the 
MF and PI subtypes coexist within the same tumor. 

 IG-iCC appears as a polypoid tumor, growing within the lumen of dilated biliary 
ducts. Despite the IG subtype has been associated with a better prognosis, the actual 
clinical impact of such classifi cation is still under discussion.  

19.4.1.2     Histological Classifi cation 

 The histological classifi cation of iCC has been long debated and a general consen-
sus regarding the diagnostic categories to be adopted is still far to come. 

 Classical examples of iCC are characterized by the proliferation of neoplastic 
glandular structures within an abundant and dense fi brotic stroma (Fig.  19.7 ). The 
latter does not represent a mere desmoplastic reaction to the proliferation of neo-
plastic glands, but instead it is the result of active fi brous tissue deposition by 
cancer- associated myofi broblasts. Cancer-associated myofi broblasts are responsi-
ble for the production of anti-angiogenic factors, matrix modifying enzymes, and 
pro-invasive growth factors and cytokines, thus playing a crucial role in promoting 
iCC aggressiveness and resistance to conventional chemotherapy [ 86 ,  87 ].  

 Classic iCC have been subdivided according to the architectural growth pattern 
(papillary vs. tubular iCC) and to the degree of glandular differentiation. 

 Well-differentiated tumors show evenly neoplastic glands or tubular structures 
composed by cuboidal epithelial cells, with regular nuclei and slightly acidophilic 
cytoplasm. Moderately differentiated tumors are characterized by more elongated 
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and tortuous glands, lined by tall, eosinophilic cells with atypical and hyperchro-
matic nuclei. Poorly differentiated iCC displays nests of solid and occasionally crib-
riform structures composed by small monomorphic cells, with scant cytoplasm and 
hyperchromatic nuclei. 

 Sempoux and colleagues [ 88 ] have described a “trabecular” and a “hilar” sub-
type of iCC, which is frequently associated with HCV-infection and advanced stage 
fi brosis. Trabecular iCC strongly resembles HCC, while hilar-type iCC displays 
histological features quite similar to Klatskin tumors. The original Sempoux’s series 
also included a further iCC variant, characterized by very bland ductular structures 
mimicking ductal plate malformation. Such histotype, previously termed “cholan-
giocellular carcinoma” and thought to originate from hepatic progenitor cells 
(HPCs), is now classifi ed as a subtype of combined hepatocellular–cholangiocellu-
lar carcinoma (see below). 

 Komuta and colleagues [ 89 ] proposed to classify iCC into “pure mucin produc-
ing” (Muc-iCC) and “mixed-iCC.” Muc-iCC shows clinical, histological, and 
molecular features similar to hilar CC and probably originates from mucin- 
producing cholangiocytes of large bile ducts. Mixed-iCC displays a clinical–patho-
logical profi le close to that reported for cholangiocellular carcinoma. 

 Liau and colleagues [ 90 ] subclassifi ed their series of iCC into (1) bile duct-type 
and (2) cholangiolar-type on the base of morphological features. The two histotypes 
were different in etiological, clinical, and molecular features. The cholangiolar-type 
iCC was associated with viral hepatitis, expressed N-cadherin, and was more likely 
to have IDH1/2 mutations. It was also characterized by higher 5-year survival rate 
compared to the bile duct-type. The bile duct-type most frequently occurred in 
patients with a previous history of intrahepatic cholelithiasis, and on histology and 
immunohistochemistry, closely resembled hilar CC, extrahepatic bile-duct, and 
pancreatic adenocarcinoma. Liau’s bile duct-type clearly corresponds to Komuta's 
Muc-ICC, while Liau’s cholangiolar-type overlaps with Sempoux’s cholangiocel-
lular carcinoma and Komuta’s mixed-ICC. 

  Fig. 19.7    Classical 
intrahepatic 
cholangiocarcinoma showing 
neoplastic glands and fi brous 
stroma. H&E, original 
magnifi cation 40×       
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 The above observations make it clear that much work has still to be done in order 
to standardize the nomenclature and classifi cation of iCC. A promising approach 
might be to differentiate intra-hepatic biliary neoplasms according to their specifi c 
cell of origin. This would also help to correlate the histogenesis of iCCs with their 
clinical features and therapeutic responses.  

19.4.1.3     Rare Histological Variants of iCC 

 Rare variants of iCC are characterized by histological features that may closely 
mimic extra-hepatic tumors [ 22 ]. Their knowledge is thus of pivotal importance in 
order to correctly differentiate primary iCC from secondary liver cancers (i.e., 
metastases from extra-hepatic carcinomas). 

 Adenosquamous and squamous carcinomas are characterized by the unequivocal 
presence of squamous differentiation. Both types are extremely rare and associated 
with advanced-stage iCCs. 

 Mucinous iCCs are mainly composed of extracellular collections of mucus 
(“mucus lakes”), containing occasional neoplastic glands and/or signet ring cells 
[ 91 ]. Pure signet ring carcinomas are extremely rare. Mucinous carcinoma and sig-
net ring cell carcinoma should not be confused with the mucin producing variant of 
classic iCC. 

 Sarcomatous iCC is an extremely rare variant composed of spindle-cells, which 
resembles fi brosarcoma or malignant fi brous histiocytoma. The differential diagno-
sis with a liver metastasis from a primary soft tissue sarcoma largely relies on the 
demonstration that spindle cells stain positive for epithelial markers. Sarcomatous 
iCC bears a signifi cantly worse prognosis than classic iCC. 

 Lymphoepithelioma-like carcinoma is a peculiar iCC variant composed of aggre-
gates of variably differentiated glands, dispersed within a dense lympho/plasma-
cytic infi ltrate. Neoplastic cells are usually positive for Epstein-Barr virus 
(EBV)-coded nuclear RNAs (EBER) [ 92 ]. 

 Clear-cell iCC is a very rare variant, with only eight cases reported in the litera-
ture. Clear-cell iCC closely resembles the more common renal counterpart [ 93 ]. 

 Primary liver mucoepidermoid carcinoma (MEC) is an extremely rare and 
aggressive tumor (only 17 cases described in the literature histologically similar to 
salivary gland MEC) [ 94 ].   

19.4.2     A Special Tumor 

 Mucinous cystic neoplasms (MCNs), previously known as “biliary cysto-adenoma/
cysto-adenocarcinoma,” are very rare tumors almost exclusively occurring in 
middle- aged women. MCNs can be either benign (i.e., non-invasive) or malignant 
(i.e., invasive) tumors. Benign MCNs may eventually progress to invasive neo-
plasms [ 95 ]. The diagnosis of MCN can be extremely diffi cult, since clinical symp-
toms, serologic markers, and imaging techniques have extremely high inaccuracy 
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rates (55–100 %). On histology, MCNs consist of multilocular cysts lined by a 
muco-secreting epithelium. The underlying connective tissue is composed of fasci-
cles of spindle cells similar to ovarian stroma. At immunohistochemistry, ovarian-type 
stroma is consistently positive for both estrogen and progesterone receptors [ 96 ]. 

 Primary liver MCNs seem to be biologically and clinically related to their more 
frequent pancreatic counterpart.  

19.4.3     Molecular Classifi cation 

 The morphological heterogeneity characterizing biliary tract cancers has limited 
their comprehensive molecular classifi cation, so far. Previous studies have focused 
on selected genes, including those altered in pancreatic adenocarcinoma ( KRAS , 
 TP53 ,  CDKN2A , and  SMAD4 ) [ 97 ]. Despite mutations in  PIK3CA ,  PTEN ,  AKT1 , 
 IDH1 , and  IDH2  have been frequently reported [ 98 ], the prevalence of these altera-
tions varies among studies. 

 iCCs are usually characterized by  IDH1 / IDH2  mutations, but (compared to 
extra-hepatic tumors) less frequently associated to  KRAS  and  TP53  mutations. 
 IDH1 / 2- mutated cancers accumulate 2-hydroxyglutarate in the tumor tissue and 
release the molecule in the patients’ blood [ 99 ]. Hence, the measurement of 
2-hydroxyglutarate has been proposed as a surrogate biomarker for  IDH1 / 2  muta-
tional status and as a noninvasive test for the assessment of the iCC tumor burden. 

 Two recent whole exome-sequencing studies revealed a key role for the chroma-
tin remodeling genes  BAP1 ,  ARID1A , and  PBRM1  in the development of iCC [ 100 ]. 
These data have still a limited clinical impact, but in the next future they may help 
to identify new diagnostic markers and/or possible targets for tailored therapies. 

 Several studies have shown that chronic infl ammation is critical for the develop-
ment of iCC, since the massive production of infl ammatory cytokines can signifi -
cantly contribute to the cholangiocytes’ malignant transformation. Among others, 
interleukin 6 (IL-6) is emerging as one of the most important players in this context 
[ 101 ]. IL-6 is a multifunctional cytokine that mediates the response of normal cells 
to infl ammation [ 102 ] and serum levels of IL-6 are increased in CC patients, cor-
relating with the tumor burden and decreasing few weeks after surgical resection 
[ 103 – 105 ]. From a pathogenetic perspective, IL-6 promotes CC-cell survival [ 105 ] 
by up-regulating telomerase activity, Mcl-1, STAT3, p38, and p44/p42 MAPK sig-
naling [ 106 ,  107 ].  

19.4.4     Classifi cation of Premalignant Cholangiocellular 
Lesions 

 Two major types of precancerous cholangiocellular lesions have been described, 
namely (1) biliary intraepithelial neoplasia (BilIN, also known as “biliary dys-
plasia”), and (2) papillary intraductal biliary tumors (i.e., biliary IPN) [ 22 ]. 
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While BilIN represents the precancerous lesion of conventional iCC, IPN-B may 
be associated with either mucinous carcinoma or conventional iCC. 

 BilIN is currently defi ned as a multilayered, columnar cell lesion, with variable 
degree of cytological atypia. BilIN can be observed both in large ducts exposed to 
chronic infl ammation and in small ductular structures, particularly in HCV-related 
and alcoholic cirrhosis [ 107 ,  108 ]. 

 According to the extent of cytological atypia, BilIN has been graded in a three- 
tiered scale (from BilIN-1 to BilIN-3) [ 109 ]. 

 BilIN-1 corresponds to a low-grade dysplastic lesion and displays a fl at or (less 
frequently) micro-papillary growth pattern. Cytological and nuclear atypia are 
minimal to mild. BilIN-2 may display a fl at, pseudo-papillary or micro-papillary 
growth pattern. Cytological atypia is more evident than in BilIN-1. BilIN-3 encom-
passes both high-grade dysplasia and carcinoma in situ [ 110 ]. It generally features 
a pseudo-papillary or micro-papillary growth pattern (fl at lesions have been rarely 
reported). The degree of cytological atypia is close to that observed in invasive 
carcinoma. 

 Despite specifi c criteria have been defi ned for the diagnosis of BilIN, its recogni-
tion and grading display only a moderate inter-observer agreement (60.3 % among 
expert hepatopathologists;  k  = 0.45) [ 111 ]. 

 Biliary IPN represents the liver counterpart of pancreatic intraductal papillary 
mucinous neoplasms (IPMN) [ 112 ,  113 ] and is defi ned as a prominent papillary 
proliferation of atypical biliary cells, which fi lls the bile duct and may lead to its 
fusiform or cystic enlargement. Biliary IPN, unlike BilIN, is graded in a two-tiered 
scale (i.e., low- and high-grade lesions) according to architecture complexity, 
degree of nuclear stratifi cation, and cytological features. At the time of diagnosis, 
1/3 to 2/3 of biliary IPNs are associated with invasive adenocarcinoma. 

 At the molecular level, BilIN shares several key molecular pathways with biliary 
IPN: in particular  KRAS  mutations are identifi able in low-grade BilIN and slightly 
increase during progression to BilIN-3 and invasive adenocarcinoma [ 113 ,  114 ].   

19.5     Combined Hepatocellular–Cholangiocarcinoma 

 Combined hepatocellular–cholangiocarcinoma (cHCC-CC) is an uncommon, but 
increasingly recognized, primary liver tumor featuring both hepatocellular and 
biliary epithelial differentiation (Fig.  19.8 ) [ 115 ].  

 Liver tumors with HCC and CC components were fi rst reported by Wells in 1903 
[ 116 ] and later [ 117 ] described accurately by Allen and Lisa (in 1949). Cases of 
mixed carcinoma (i.e., “hepatobiliary carcinoma”) were also observed by 
Edmondson and Steiner [ 1 ]. 

 Allen and Lisa [ 117 ] described three forms of mixed HCC/CC tumors: (1) sepa-
rate tumors (i.e., non-contiguous tumors with different histotypes); (2) contiguous 
tumors (i.e., histologically unrelated tumors that mingle as they grow); and (3) true 
mixed tumors (i.e., single lesions featuring both hepatocellular and biliary 
differentiation). 
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 The terminology concerning these tumors has remained unclear for several years, 
until the third edition of the WHO Classifi cation of Tumors of the Digestive System 
adopted the term cHCC-CC only for tumors belonging to the “true-mixed” category 
of Allen and Lisa. As such, cHCC-CC were clearly distinguished from “collision 
tumors,” i.e., independent HCCs and CCs arising simultaneously within the same 
liver. The accuracy of such nosological approach has been subsequently confi rmed 
by molecular studies reporting that collision tumors originate from independent 
neoplastic clones [ 118 ]. 

 Since the nomenclature and diagnostic criteria of cHCC-CCs have been only 
recently standardized, data regarding their epidemiology and clinical–pathological 
features are still scanty. cHCC-CC accounts for about 1.0–14.2 % of all primary 
liver cancers, with signifi cant geographical and racial differences [ 119 ]. Such vari-
ability may be, at least partially, attributed to the lack of uniform and standardized 
diagnostic criteria. 

 Several authors reported a poor prognosis for cHCC-CC after surgical resection 
[ 120 ]. Despite a very limited experience in liver transplantation, a recent study con-
ducted on a large population has reported similar outcomes for cHCC-CC and HCC 
in transplanted patients [ 121 ]. 

19.5.1     Gross Classifi cation 

 No peculiar macroscopic features, differentiate cHCC-CC from pure HCC, but 
when the cholangiocellular component is largely represented, the tumor may appear 
fi rm and sclerotic.  

  Fig. 19.8    Combined 
HCC-CC with stem cell 
features, classical subtype. 
Nest of neoplastic 
hepatocytes surrounded by 
small stem/progenitor like 
cells. H&E, original 
magnifi cation 40×       
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19.5.2     Histological Classifi cation of cHCC-CC 

 According to the 2010 WHO Classifi cation of Tumors of the Digestive System [ 22 ], 
cHCC-CCs are classifi ed in: (1) classical-type; and (2) cHCC-CC with stem cell 
features (further subclassifi ed into three variants). Despite this classifi cation pro-
vides a standardized terminology and uniform diagnostic criteria, its clinical impact 
has yet to be studied. 

 Classical-type cHCC-CC is defi ned as a tumor with both hepatocellular and chol-
angiocellular differentiation and with <5 % of cells featuring a stem cell phenotype. 
The HCC components of cHCC-CC consist of neoplastic hepatocytes with variable 
degree of differentiation, staining positive for HepPar1, and/or CD10 in the typical 
canalicular pattern. The CC component is represented by tubular, papillary, or cord-
like glandular structures that express biliary cytokeratins (CK7 and CK19) [ 22 ]. 

 cHCC-CC with stem cell features includes (1) a “typical subtype” (TS), (2) an 
“intermediate cell subtype” (ICS), and (3) a “cholangiocellular subtype” (CoS) [ 22 ]. 

 TS is composed of nests of hepatocytes surrounded by a population of small 
cells, with high nucleus-cytoplasma ratio (Fig.  19.8 ), usually staining positive for 
CK19. These cells may also express other progenitor cell-markers such as NCAM-1/
CD56, c-KIT, and EpCAM [ 22 ]. 

 ICS is composed of cells with intermediate features between hepatocytes and 
cholangiocytes. At immunohistochemistry, they express both HepPar1 and CK19, 
thus mimicking ductular reaction [ 22 ]. 

 CoS consists of neoplastic glands similar to reactive bile ductules or canals of 
Hering. Such structures are arranged in a cord-like or anastomosing pattern (“antler- 
like pattern”) and embedded in a rich, fi brous stroma (Fig.  19.9 ). Neoplastic cells 
are usually positive for CK7 and/or CK19 [ 22 ].  

 A recent clinical–pathological survey conducted on 62 cHCC-CCs revealed that 
most of these tumors consist of two or more histological subtypes [ 122 ]. ICS was 
most frequently documented and correlated with female gender, tumor size, and the 

  Fig. 19.9    Combined 
HCC-CC with stem cell 
features, cholangiocellular 
type. Tubular structure with 
“anter-like” appearance and 
dense fi brous stroma. H&E, 
original magnifi cation 10×       
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histological grade of HCC component. The CoS component is directly correlated 
with the extent of fi brosis and infl ammation, but inversely correlated with tumor size 
and the histological grade of HCC component. Finally, the proportion of TS inversely 
correlates with the extent of intra-tumor infl ammation. Hence, these data suggest 
that each cHHC-CC subtype bears specifi c clinical and pathological implications. 

 Little is still known regarding the putative histogenesis of cHCC-CC. Fujii and 
colleagues have suggested that such tumor originates from a single cell clone that 
subsequently undergoes divergent differentiation [ 118 ]. This hypothesis has been 
confi rmed by further studies, demonstrating that cHCC-CC cell lines may differen-
tiate to either HCC or CC, under different growth conditions [ 123 ]. Theise and col-
leagues have also reported cHCC-CCs containing subsets of cells morphologically 
and immunohistochemically resembling HPCs [ 124 ]. This observation supports the 
idea that cHCC-CC may originate from undifferentiated liver stem cells [ 125 ]. 
From a molecular point of view, GEP studies have recently contributed to highlight 
the relationship between cHCC-CC, pure CC, and pure HCC [ 126 ]. In particular, 
gene expression data indicate that cHCC-CC is more CC alike than HCC (71.4 % of 
cHCC-CC clusters with CCs by unsupervised analysis). Further studies are required 
to confi rm these results in order to better defi ne the histogenesis of this rare entity.   

19.6     Final Notes on the Histogenesis of Liver Cancers 

 As previously mentioned, the issue of liver cancer histogenesis is still unsettled. 
Growing evidence suggests that primary liver cancers may arise from adult HPCs or 
liver cancer stem cells (CSC) [ 127 ]. HPCs are bipotent cells capable to differentiate 
into mature hepatocytes or cholangiocytes [ 128 ]. CSCs are neoplastic cells that pos-
sess distinct stem-cell properties, which make them crucial for tumor survival and 
progression. CSCs are thought to originate from tumor progenitor cells, non-neoplas-
tic stem cells, or dedifferentiated cells that have acquired CSC characteristics [ 129 ]. 

 Experimental evidence of a direct role for HPCs in HCC histogenesis was pro-
vided by Dumble et al. [ 130 ]. Thorgeirsson and colleagues have subsequently dem-
onstrated, by GEP analysis, that human HCCs can feature either a hepatocyte-like 
or a HPC-like signature [ 131 ]. At the present day, it is impossible to ascertain, any-
way, whether the presence of HPC-like features in a tumor refl ects their effective 
origin from immature hepatocyte precursors or from the de-differentiation of genet-
ically unstable neoplastic cells instead. Studies on HCC animal models have 
demonstrated that both HPCs, lineage-committed hepatoblasts and differentiated 
adult hepatocytes, can be targeted by molecular modifi cation triggering neoplastic 
transformation. Transformed cells may disclose a CSC-phenotype and undergo 
differentiation toward various cancer histotypes [ 132 ]. These results clearly indicate 
that neoplastic transformation may occur in any phase of hepatocytic differentia-
tion, thus contributing to explain the broad spectrum of clinical and pathological 
features typically observed in liver tumors. With respect to the relationship between 
different cancer histotypes, GEP studies have reported the existence of specifi c 
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molecular signatures for iCC and HCC, but in some cases (e.g., cHCC-CC) GEP 
patterns may partially overlap, indicating that liver cancers represent, more likely, a 
biological  continuum  rather than a large group of sharply demarcated clinical enti-
ties. These data have been further confi rmed by in vitro studies, indicating that 
simultaneous activation of specifi c molecular pathways in resting hepatocytes deter-
mines their transformation into cholangiocytes and ultimately into CC cells [ 133 ]. 

 In conclusion, a more thorough understanding of liver cancer histogenesis and 
HPCs role will surely help to improve the strategies for liver cancer management.     
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    Chapter 20   
 Oxidative Stress Mechanisms 
in Hepatocarcinogenesis 

             Raquel     Urtasun    ,     Carmen     Berasain     , and     Matías     A.     Avila    

20.1             Introduction 

 Hepatocellular carcinoma (HCC) is among the fi ve most common causes of cancer 
worldwide. HCC is an epithelial tumor developing from hepatocytes. HCC arises 
frequently in patients with chronic liver injury and infl ammation, such as chronic 
viral hepatitis C and B (HCV, HBV), chronic alcoholic injury, and in patients with 
non-alcoholic steatohepatitis (NASH) [ 1 – 3 ]. 

 Increased evidence indicates that continuous oxidative stress may play a critical 
role in the development of various human malignancies, including HCC [ 4 ]. The 
majority of HCC cases occur in fi brotic/cirrhotic livers and independently from the 
etiology the common denominator for hepatocarcinogenesis is chronic infl amma-
tion associated with severe oxidative stress [ 5 ]. The term oxidative stress describes 
adverse interactions of molecular oxygen (O 2 ) or of its reactive derivatives with 
biomolecules causing a dysbalance between the generation of cell-damaging mol-
ecules and the cellular capacity for their detoxifi cation. The molecular players com-
prise both reactive oxygen (ROS) and reactive nitrogen species (RNS). There is a 
strong mechanistic link between chronic infl ammation and cancer due to the 
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increased production of free radicals or ROS at the site of infl ammation. ROS are 
potential carcinogens because of their roles in mutagenesis, tumor promotion, and 
progression [ 6 ]. At the molecular level, increased ROS result in molecular changes 
which include lipid peroxidation (LPO) and oxidative DNA damage [ 7 ]. 
Accumulation of such genetic damage can eventually contribute to increased chro-
mosomal aberrations associated with cell transformation [ 8 ] and liver carcinogen-
esis [ 4 ,  9 ]. Besides, ROS may also activate cellular signalling pathways strongly 
involved in cell proliferation and survival, such as those mediated by mitogen- 
activated protein kinase (MAPK), nuclear factor-κB (NF-κB), phosphatidylinositol 
3-kinase (PI3K), p53 and β-catenin/Wnt, as well as others associated with angio-
genesis [ 8 ]. 

 Recent studies have shown that oxidative stress is commonly induced in all 
forms of chronic liver injury and plays a crucial role in hepatic fi brogenesis [ 10 ,  11 ] 
and cancer development [ 12 ]. In this regard, various groups have shown that HBV 
infection can induce oxidative stress using HBV transgenic mice or HBV DNA 
transfection of cells in vitro, while oxidative stress is also common among HBV- 
infected patients with chronic liver disease [ 13 ]. Markers of DNA damage are also 
commonly elevated in liver of patients with chronic HCV infection and correlate 
well with the degree of viral infection and infl ammation, known risk factors for 
HCC [ 14 ]. Besides, HCV infection is associated with elevated levels of ROS and 
decreased antioxidant levels in patients [ 15 ]. In animal models, oxidative stress has 
been associated with the development of steatosis and liver tumors in HCV core 
protein transgenic mice [ 16 ]. Moreover, in the literature there are immunohisto-
chemical studies providing evidence that LPO and oxidative DNA damage fre-
quently occur in liver from patients with non-alcoholic fatty liver disease (NAFLD), 
suggesting the potential role of oxidative stress in some clinical features of NAFLD 
including liver fi brosis and possibly hepatocarcinogenesis [ 17 ]. 

 Several studies have examined the infl uence of oxidative stress on the onset and 
development of HCC in humans in terms of the association of oxidative stress with 
poor histological differentiation and tumor size [ 18 ], increased neovascularization 
[ 19 ], and activation of telomerase [ 20 ]. All these fi ndings suggest that oxidative 
stress biomarkers might potentially be useful for predicting the development and 
recurrence of HCC in patients with chronic liver disease. In this sense, some clinical 
studies using liver specimens obtained by biopsy or surgery have shown the predic-
tive power of oxidative stress biomarkers on HCC development [ 12 ,  21 ]. 

 In this context, this chapter summarizes the evidence supporting the contribution 
of oxidative stress to hepatocarcinogenesis in HBV and HCV infection, and 
NASH. The role of oxidative stress in alcohol-induced liver injury and carcinogen-
esis will be reviewed elsewhere in this book. However, it is important to bear in 
mind that although oxidative stress mechanisms are presumably related to carcino-
genesis in HCV, HBV, and NASH cases, their actual involvement remains to be 
directly proven.  
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20.2     Evidence and Role of Oxidative Stress in HCV- HVB- 
and NASH -HCC Patients 

20.2.1     Oxidative DNA Damage: 8-Hydroxy-2-Deoxyguanosine 

 ROS have been implicated in a number of pathologies, including aging, infl ammatory 
diseases, and as previously mentioned in the development of cancer, because they 
can cause oxidative damage to nucleic acids, proteins, and lipids [ 4 ]. ROS include 
oxygen-centred radicals and nonradical compounds. Among the different radicals, 
the hydroxyl radical (OH • ) is the most reactive and is also responsible for the forma-
tion of 8-hydroxy-2-deoxyguanosine (8-OHdG) [ 22 ]. Moreover, the reaction of 
peroxynitrite (ONOO − ) (an oxidant and nitrating agent formed in vivo by the reac-
tion between O 2  −  and NO) with guanine residues results as well in the formation of 
8-OHdG [ 6 ,  23 ]. 8-OHdG is therefore a DNA base-modifi ed product generated by 
ROS that is considered an oxidative stress marker and an indicator of oxidative 
DNA damage [ 24 ]. Its presence can induce a G:C to T:A transversion by replacing 
cytosine with adenine for coupling with guanine via oxidation at the C8 position 
[ 24 ]. There are studies demonstrating that 8-OHdG is implicated in carcinogenesis 
[ 24 ,  25 ] including hepatocarcinogenesis [ 26 ]. These studies in which the 8-OHdG 
content was measured histologically showed that this oxidation product was more 
abundant in HCC tissues than in non-cancerous tissue. However, the level of oxi-
dative stress measured as 8-OHdG varies depending on the underlying liver disease 
(e.g., HBV infection, HCV infection, ALD, NASH, etc.). For instance, one work 
reported that intrahepatic accumulation of 8-OHdG was related to hepatocarcino-
genesis in patients with chronic hepatitis C [ 27 ]. The same study demonstrated that 
a close relationship exists between oxidative DNA damage (measured by 8-OHdG 
quantitative immunostaining and electrochemical detection), hepatocarcinogenesis, 
and hepatic iron overload in patients with chronic HCV infection [ 27 ]. Later on, a 
comparative study with chronically HCV- and HBV-infected patients performed by 
Fujita et al. [ 28 ] showed 8-OHdG-positive signals in all the liver tissue, indicating 
that DNA damage by oxidation occurs frequently in the liver of those patients. They 
showed that quantitative hepatocytic 8-OHdG immunoreactivity was signifi cantly 
correlated with serum transaminase levels, both in chronic hepatitis C and 
B. However, 8-OHdG in HCV-infected livers was signifi cantly higher than in HBV- 
infected ones, suggesting that HCV infection may cause a more advanced oxidative 
stress in the liver during chronic infection. Moreover, with the same infl ammation 
score, HCV patients had signifi cantly higher 8-OHdG levels as compared to chronic 
hepatitis B, indicating that HCV infection itself has a more direct infl uence on 
hepatic oxidative stress formation. 

 A more recent work investigated 8-OHdG levels in HCC tissues from patients 
with different background diseases, including NASH [ 29 ]. They found that the 
8-OHdG content measured immunohistochemically in cancerous and noncancerous 
liver tissues was signifi cantly increased in NASH–HCC patients and comparable to 
that in patients with HCV-HCC [ 29 ]. Interestingly, the results suggest that the 
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accumulation of 8-OHdG in the liver is a risk factor for carcinogenesis in NASH 
patients, as it is in HCV-infected patients, and that 8-OHdG content signifi cantly 
increased as liver disease advanced. The degree of hepatic fat deposit seems to be 
relevant to hepatic oxidative stress formation in NASH because hepatic 8-OHdG 
levels were positively correlated with the extent of steatosis in NASH. Furthermore, 
in this study Tanaka et al. showed that hepatic 8-OHdG content was related not only 
to an increase in the infl ammation score, but also to carcinogenesis. They also 
compared background factors as age and fasting blood sugar in patients with 
NASH–HCC and NASH without HCC. They concluded that NASH–HCC patients 
were signifi cantly older and had higher fasting blood sugar, which is consistent with 
previously reported data. However, multivariate analysis of these factors and 
8-OHdG content in the liver tissue revealed that old age and 8-OHdG content were 
independent risk factors for hepatocarcinogenesis [ 29 ].  

20.2.2     LPO Markers and Etheno DNA Adducts 

 ROS can react with polyunsaturated fatty acids derived from membrane phospho-
lipids or from dietary intake, resulting in the generation of LPO products such as 
 trans -4-hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA) [ 30 ,  31 ]. MDA 
is one of the fi nal products of polyunsaturated fatty acids and is widely used as a 
marker of oxidative stress in experimental studies. Nevertheless, its determination 
in plasma as a marker remains controversial as it does not originate exclusively 
from LPO, it is not metabolically stable, and the colorimetric determination lacks 
specifi city. Frequently, hepatic levels of MDA are assessed by TBARS (thiobarbitu-
ric acid-reacting substance) assay [ 32 ]. 

 Endogenous LPO products such as MDA and 4-HNE are particularly reactive in 
forming adducts during periods of oxidative stress. The main MDA-derived DNA 
adduct is 3-(2-deoxy-β- D -erythro-pentofuranosyl) pyrimido[1,2-α]purin-10(3 H )-
one (M 1 dG). M 1 dG adducts appear to be promutagenic as they induce mutations in 
oncogenes and tumor suppressor genes seen in human tumors. M 1 dG adduct levels 
also appear to correlate with altered cell cycle control and gene expression in 
cultured cells [ 33 ,  34 ]. 4-HNE can react with DNA bases such as deoxyadenosine 
and deoxycytidine to f orm the exocyclic etheno-DNA adducts including 1, N    6  - 
ethenodeoxyadenosine (ε-dA) and 3,  N  4 -ethenodeoxycytidine (ε-dC) [ 35 ]. These 
adducts are highly mutagenic and for instance can lead to missense mutations in the 
 TP53  gene which encodes the tumor suppressor p53 [ 36 ,  37 ]. Moreover, 4-HNE is 
one of the major aldehydic metabolites of LPO and is considered to be one of the 
most reliable markers of LPO [ 32 ]. 

 Increased formation of 4-HNE adducts has been reported in liver tissues from 
patients with different chronic liver diseases including alcoholic liver injury, NASH, 
chronic viral hepatitis, hereditary hemochromatosis, and liver cancer [ 31 ,  38 ,  39 ]. In 
this sense, Zhou et al. found that ε-dA levels were signifi cantly higher in non-tumor 
liver tissues with moderate and severe infl ammation compared to those with absent 
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and mild infl ammation. Moreover, many ε-dA-positive hepatocytes were localized 
in contact with infi ltrating lymphocytes in non-tumor liver tissues. These fi ndings 
provided evidence of a potential link between ROS-generated ε-dA and infl amma-
tion and fi brosis in chronic liver diseases. In this work, the authors hypothesized that 
chronic infl ammation and fi brosis could facilitate continuous accumulation of 
oxidative ε-DNA damage, which may partly drive chronic infl ammatory and 
fi brotic/cirrhotic liver tissues to HCC. Therefore, measurement of ε-dA in liver tis-
sue from patients could be explored as a potential biomarker for disease progression 
and cancer risk assessment in patients with cancer-prone liver diseases [ 40 ]. 
Furthermore, different authors carried out an ultrasensitive and specifi c immunopre-
cipitation/high performance liquid chromatography (HPLC)-fl uorescence detection 
method for quantifying ε-dA excreted in human urine. Patients with chronic hepa-
titis, liver cirrhosis, and HCC due to HBV and HCV infection had more than 20 
times higher urinary ε-dA levels compared to uninfected individuals without liver 
disease [ 31 ]. These fi ndings show that ε-dA may play a driving role towards hepa-
tocarcinogenesis in chronic liver diseases. 

 Most interestingly, various studies also reported that hepatic oxidative stress 
development as assessed by the level of the 4-HNE index (i.e., a semiquantitative 
4-HNE immunostaining) was signifi cantly higher in patients with NASH without 
HCC than in those with simple steatosis, being increased with the progression of 
histologic fi brosis staging in NASH [ 17 ,  29 ]. Interestingly, steatosis alone could not 
cause hepatic oxidative stress as suggested by the fact that steatosis and oxidative 
stress markers did not correlate in simple steatosis patients. Therefore, an additional 
component is necessary for the progression from simple steatosis to NASH [ 41 ].  

20.2.3     Iron Overload 

 It is known from in vitro and in vivo studies that iron overload enhances oxidative 
stress [ 42 ,  43 ]. Hepatic iron overload is generally moderate and mixed (parenchymal 
and sinusoidal) in NASH [ 44 ] and might be contributory to the second component 
or “hit” in the “two-hit” theory proposed as an explanation of the wide spectrum of 
hepatic presentations of this condition [ 45 ]. In addition, hepatic iron overload ulti-
mately participate in the progression of liver disease to HCC [ 46 ]. Supporting this 
idea, there are several works showing that iron may indeed be the substrate of oxida-
tive stress and could be responsible for the second “hit” in patients with NASH [ 47 ]. 
In this case, iron overload could worsen oxidative stress in the liver, thus aggravat-
ing LPO [ 45 ]. Concretely, at the molecular level, the saturation of β-oxidation by 
excess free fatty acids will lead to the generation of hydrogen peroxide (H 2 O 2 ), 
which in turn can be converted to highly reactive hydroxyl radicals in the presence 
of free iron via Fenton reaction [ 48 ]. Indeed, there are several fi ndings [ 41 ,  44 ] 
showing that serum iron, transferrin saturation, and ferritin levels and the grade of 
hepatic iron staining are signifi cantly higher in NASH compared with simple steatosis. 
Alike, quantitative analysis demonstrated that hepatocytic 8-OHdG levels were 
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signifi cantly correlated with these iron-related markers in patients with NASH; this 
correlation strongly indicated that the increase in the body-stored iron is specifi cally 
related to increased hepatocytic oxidatively generated damage to DNA in NASH 
patients [ 41 ]. Sorrentino et al. [ 49 ] recently reported higher liver iron overload in 
HCC patients in a cohort of 153 patients with NASH cirrhosis. Liver iron overload 
was mainly intrasinusoidal in the HCC patients, suggesting that beyond liver iron 
content, the localization of the deposits might also have an infl uence on liver cancer 
development. The link between liver iron overload and the risk of developing HCC 
secondary to liver cirrhosis is now well established, especially in patients with 
alcoholic or metabolic liver disease. For example, it has been proven that in patients 
with NASH, liver iron overload produces necrosis and infl ammation, and as a con-
sequence insulin resistance and progression of liver lesions to hepatocarcinoma [ 45 ]. 

 Moderate iron overload is sometimes observed in the liver of patients infected 
with HCV. As previously mentioned, patients with HCV have higher levels of 
8-OHdG in their livers than those infected with HBV [ 28 ]. A potential mediator of 
increased hepatic oxidative stress development in HCV is an excessive deposition 
of iron in the liver parenchyma, which is frequently found in chronic HCV infection 
[ 50 ,  51 ]. According to this idea, markers of hepatic iron as for example serum fer-
ritin levels, and total iron score, were higher in HCV patients than in 
HBV. Interestingly, hepatic 8-OHdG levels were signifi cantly correlated with ferri-
tin levels and total iron scores, also indicating a strong relationship between oxida-
tive DNA damage and iron overload status in the liver of patients with chronic 
hepatitis C. Therefore, it is plausible that ROS production during chronic HCV 
infection is due to a great extent to the high iron levels found in the hepatic tissues 
of these patients. This may lead to necrosis and progressive liver infl ammation and 
increased risk for developing liver cancer [ 45 ]. 

 However, the mechanisms involved in the modifi cation of iron metabolism 
associated with chronic HCV infection remain unclear [ 52 ]. Iron depletion has 
demonstrated effi cacy in reducing the rate of complications, improving survival, 
and even bringing about the regression of liver lesions in patients with genetic 
hemochromatosis [ 53 ]. In addition, Kawamura et al. performed a preliminary study 
using phlebotomy as a means to reduce excessive iron accumulation in the liver in 
patients with HCV infection. Transaminases levels experienced a 50 % reduction in 
those patients. However, the authors concluded that even if phlebotomy had benefi -
cial effects, further maintenance therapy was important, including maintenance 
phlebotomy and restriction of iron intake, as demonstrated in a large number of 
patients with HCV infection [ 52 ].  

20.2.4     Nitrosative Stress Markers 

 Oxidative stress also causes increased activation of transcription factors that favor 
increased expression of inducible nitric oxide synthase (iNOS), therefore leading to a 
burst in NO levels and nitrosative stress [ 54 ]. Among the key molecules responsible 
for nitrosative stress, NO and ONOO −  species are the most abundant. NO has a high 
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affi nity for thiol (–SH) groups leading to intracellular formation of  S -nitroso com-
pounds. Moreover, reaction of NO with caspases and calpains, two groups of prote-
ases that carry various cysteine residues crucial for enzymatic activity, may interfere 
with cellular apoptosis [ 55 ]. In addition, high levels of NO may also trigger deami-
nation of nucleotides and thus contribute to the formation of promutagenic lesions 
in genomic DNA [ 56 ]. Accumulating evidence indicates that NO takes part in 
infl ammation-mediated carcinogenesis, tumor angiogenesis, and metastasis [ 57 ]. 
The main cellular targets of ONOO −  are thiol group containing molecules, transition 
metals, and carbon dioxide. In addition, nitration of protein tyrosine residues gener-
ates 3-nitrotyrosine (3-NT) [ 58 ], which can be used as a blood biomarker for nitro-
sative stress. Both iNOS and 3-NT levels are signifi cantly higher in NASH, and a 
major role for NO during NASH-associated fi brogenesis has been suggested [ 59 ]. 
In addition, the reaction of ONOO −  with guanine residues results in the formation 
of 8-HO-dG and 8-nitroguanine (DNA oxidative molecules), both markers of oxida-
tive stress [ 23 ]. Concretely, Horiike et al. demonstrated that 8-nitroguanine was 
accumulated in the liver of patients with HCV-HCC patients [ 60 ]. 

 Rahman et al. demonstrated that iNOS expression was signifi cantly higher in 
HCV-positive HCC compared with non-HCV-HCC patients. This study suggested 
that iNOS may play an important role in prognosis of HCV-positive HCC patients 
and that this could be partially attributable to modulation of angiogenesis [ 61 ]. 
Experimental tumor models have provided more convincing evidence for a direct 
role of NO in tumor growth and metastasis. For example, in a rat adenocarcinoma 
model, in which endothelial cells of the tumor vasculature expressed iNOS, treat-
ment with NG-nitro- L -arginine methyl ester ( L -NAME), an iNOS inhibitor, decreased 
NO production and tumor growth. Similarly, iNOS transduction in a human colonic 
adenocarcinoma line led to stimulation of tumor growth and vascularity in nude mice 
[ 62 ] was abrogated by treatment with a selective iNOS inhibitor, 1,400 W [ 63 ].  

20.2.5     Cellular Antioxidant Systems 

 Cells are protected from oxidative stress by intracellular antioxidant molecules like 
glutathione (GSH) and thioredoxin (TRX). There are also important antioxidant 
enzymes such as CuZn superoxide dismutase (CuZnSOD, SOD1) and Mn superox-
ide dismutase (MnSOD, SOD2), GSH peroxidase (GPX), catalase, and heme 
oxygenase [ 64 ]. 

20.2.5.1     Superoxide Dismutase 

 Several clinical studies with patients at different stages of HCC development 
showed a strong correlation between low levels of SOD and the severity of HCC 
[ 65 ]. Moreover, SOD activity in tumors and surrounding normal tissues have been 
found to correlate positively with postsurgery survival time in HCC patients [ 66 ]. 
Elevated serum MnSOD levels have been found in patients with HCC and relatively 
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high activity of the enzyme has also been observed in patients with chronic hepatitis 
and liver cirrhosis [ 67 ]. MnSOD is an inducible mitochondrial enzyme that responds 
to the increase in ROS and acts as an antioxidant enzyme that catalyzes the dismuta-
tion of the highly reactive superoxide anion to O 2  −  to the less reactive species H 2 O 2 . 
Takami et al. previously demonstrated that MnSOD expression was induced in pri-
mary cultured hepatocytes that were loaded with H 2 O 2  in vitro, and that serum 
MnSOD levels can be used to distinguish between NASH and simple steatosis in 
patients with nonalcoholic fatty liver disease [ 68 ]. Recently, Tamai et al. showed 
that serum MnSOD and TRX levels increased as HCV-related chronic liver disease 
progressed, especially among patients with HCC. Although there was no correlation 
between serum levels of MnSOD and TRX, higher serum MnSOD levels and lower 
TRX levels in patients with HCC trended towards an indication of poor patient 
prognosis. These results suggest that serum MnSOD and TRX levels are not only 
potential biomarkers for HCV-related liver disease progression, but may also serve 
as prognostic markers in HCC [ 69 ]. 

 On the other hand, overexpression of CuZnSOD (SOD1) in the HCC cell line 
HepG2 has been shown to suppress cell growth in vitro and to reduce tumor mass 
in vivo [ 70 ]. Therefore, CuZnSOD levels may play an important role in the develop-
ment and prognosis of HCC. CuZnSOD converts superoxide O 2  −  to H 2 O 2  [ 71 ]. 
CuZnSOD transgenic and mutant mice have been widely used to study the role of 
oxygen-free radicals in different experimental systems [ 72 ]. Increased levels of 
CuZnSOD usually confer resistance to acute oxidative insults, whereas lack 
of expression renders null mice more sensitive to oxidative stress. Elchuri et al. [ 70 ] 
demonstrated the long-term effects of CuZnSOD defi ciency in mutant mice. They 
described histopathological, biochemical, and gene expression alterations that occur 
during the course of hepatocarcinogenesis in CuZnSOD-defi cient mice. Cellular 
targets known to be sensitive to oxidative damage are affected by CuZnSOD defi -
ciency, and the resulting alterations most likely lead to a disturbance of cellular 
homeostasis and ultimately to the onset of hepatocarcinogenesis later in life. In 
humans, decreased protein levels and activity of CuZnSOD have been reported in 
cirrhosis [ 73 ]. In this same regard, a more recent study demonstrated a signifi cant 
decrease in the levels of total antioxidant capacity and total SOD activity in HCC 
tissue samples [ 40 ]. These data provide evidence that the antioxidant complement 
of HCC tissue is severely impaired, and that HCC tissues undergo serious oxidative 
stress. The poorer differentiated HCC had the lower levels of total antioxidant 
capacity and total SOD activity. On the contrary, the poorer differentiated HCC had 
the higher prevalence of ε-dA [ 40 ].  

20.2.5.2     Glutathione (GSH/GSSG) 

 Glutathione can exist in either a reduced (GSH), or an oxidized (GSSG) form. 
Within the cell glutathione is present mainly in the reduced form, which can be 
converted to the oxidized form during oxidative stress. The redox status depends on 
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the relative amount of the reduced and oxidized forms of glutathione (GSH/GSSG), 
and this ratio is a critical determinant for evaluating the oxidative stress in the 
cells [ 74 ]. Cellular glutathione and related enzymes such as glutathione peroxi-
dase, glutathione  S -transferase, and glutathione reductase are among the principal 
protective mechanisms against endogenous and exogenous toxic substances and 
free radicals- mediated damage in different tissues including liver [ 75 ]. Decreased 
GSH levels have been found in a large number of HCV patients [ 76 ], while dimin-
ished antioxidant defenses including GSH levels is also a major factor promoting 
oxidative stress in NASH patients [ 77 ]. 

 Hanna et al. demonstrated a decrease in the GSH levels in cirrhotic and cancer 
tissues compared to healthy liver tissues. GSH homeostasis at the cellular level is 
maintained by the balance between biosynthesis, uptake, oxidation, and export. Its 
decrease in cirrhotic and cancer tissues is probably related to a reduced synthesis of 
the tripeptide by the diseased liver. Indeed, a signifi cant proportion of dietary methi-
onine is converted into cysteine, one of the three GSH amino acids precursors, in the 
liver. However, methionine metabolism is signifi cantly impaired in the chronically 
injured and cirrhotic liver, compromising GSH synthesis [ 78 ]. This alteration may 
infl uence the capability of the liver to provide protection against oxidative damage 
[ 79 ]. Interestingly, another study showed that the most poorly differentiated HCCs 
had the lowest levels of GSH and total glutathione, as well as the ratios of GSH/
GSSG and GSH/total glutathione [ 80 ].  

20.2.5.3     Nuclear Factor E2-Related Factor 2 

 Nuclear factor E2-related factor 2 (Nrf2) is a transcription factor protein. It controls 
the ability of the cell to cope with oxidative stress by elevating the expression of key 
genes for cellular detoxifi cation. Nrf2 recognizes a conserved antioxidant response 
element (ARE) within the promoters of the responsive genes [ 81 ]. It has been 
reported that activation of Nrf2 as a result of HCV infection is mediated by the 
mitogen-activated protein (MAP) kinases p38 MAPK and janus kinase (JAK). In 
HCV-infected livers, the HCV core protein is found to be a potent regulator of the 
antioxidant defense Nrf2/ARE pathway [ 82 ]. However, in another contradictory 
study researchers found suppressed Nrf2/ARE pathway in an in vitro cellular HCV 
infection model [ 83 ]. 

 Studies with Nrf2-defi cient mice demonstrated the role of this transcription fac-
tor in protecting liver from xenobiotic-mediated hepatocarcinogenesis. During 
long-term treatment with 2-amino-3-methylimidazo[4,5-f]quinoline, a carcinogenic 
and mutagenic heterocyclic amine derivative, the multiplicity and incidence of liver 
tumors in male and female mice were signifi cantly higher in Nrf2-knockout than in 
wild-type animals [ 84 ]. 

 Figure  20.1  summarizes the most relevant molecular markers of oxidative stress 
and cellular antioxidant defense systems described above in the context of HVB, 
HCV, and NASH-related hepatocarcinogenesis.     
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20.3     Oxidative Stress-Activated Cellular Signalling 
Pathways and HCC 

 Intracellular signalling pathways are highly sensitive to changes in redox homeosta-
sis through redox sensing iron or thiol groups present in certain proteins. Mechanistic 
studies have shown that oxidative stress activates signalling cascades, which can 
seriously infl uence the regulation of cell growth and transformation processes [ 85 ]. 
ROS are linked with various cellular signalling pathways, including the activation 
of heat shock response activator protein 1, MAPKs, the nuclear factor kappa B 
(NF- κB), protein kinase C (PKC), signal transducers and activators of transcription 
3 (STAT3), peroxisome proliferator-activated receptor-γ (PPARγ), and as previ-
ously described Nrf2, which engage in the regulation of pro-oxidant and antioxidant 
genes expression, mediating oxidative injury and also antioxidant defense systems 
regulation [ 85 ]. Moreover, ROS and RNS may activate the expression of proto-
oncogenes, but also trigger the apoptotic machinery of the cell via mitochondrial or 
extra- mitochondrial signals [ 23 ]. These different cellular outcomes may be depen-
dent on the intensity and duration of the signals, and therefore on the magnitude and 
persistence of the pro-oxidant situation. Large variations in these responses have 

HCC

HBV

HCV

NASH

8-OHdG

8-OHdG

4-HNE

MnSOD (serum)

iron

MnSOD (serum)

8-OHdG

8-nitroguanine

iNOS

TRX (serum)

HCC

HCC

GSH

GSH

iron

ε-dA

ε-dA

  Fig. 20.1    Summary of the most relevant molecular markers of oxidative stress and cellular anti-
oxidant defense systems described the context of HVB, HCV, and NASH-related hepatocarcino-
genesis. See text for details       

 

R. Urtasun et al.



459

been found among different tumor cell types, suggesting that the impact of oxida-
tive stress on cell signaling and cellular responses can be very different depending 
on the context and the dynamic changes of redox homeostasis [ 23 ]. 

20.3.1     NF-κB and HCC Development 

 NF-κB is a eukaryotic transcription factor family. It is normally found in the 
cytoplasm as an inactive dimer, with the most common being the p50–p65 heterodi-
mer, bound to the inhibitory subunit IκB. Upon activation, NF-κB is released from 
IκB and translocates to the nucleus, where it binds target sequences in the promoter 
of responsive genes. As mentioned above, ROS are able to trigger both the apoptotic 
and necrotic cell death depending on the severity of the oxidative stress [ 86 ]. One of 
the possible factors which are responsible for the maintenance of the balance 
between cell life and death is the activity of the NF-κB pathway. Although the 
expression of NF-κB target genes in most events promotes cell survival, there are 
some exceptions when NF-κB activation may lead to cell death [ 86 ]. Importantly, 
NF-κB is a well-known redox-sensitive factor. Through the modulation of different 
intracellular kinase-mediated signaling pathways, ROS can trigger NF-κB activa-
tion in the cytoplasm and its translocation into the nucleus. In contrast, the oxidation 
(or nitrosylation) of the critical cysteine residue Cys62 in the p50 NF-κB subunit 
can inhibit its DNA-binding activity [ 87 ]. On the other hand, ablation of NF-κB 
activity by hepatocyte-specifi c deletion of Nemo, the regulatory subunit of the IκB 
kinase complex (IKK), resulted in increased oxidative stress and hepatocellular 
injury upon liver ischemia and reperfusion [ 88 ]. Therefore, ROS can modulate 
NF-κB response, and NF-κB activity can in turn attenuate ROS production and 
promote survival, in part through the regulation of the expression of antioxidant 
proteins [ 89 ]. In multicellular organisms, activation of the apoptotic program in 
response to oxidative stress is considered as a mechanism preventing seriously dam-
aged cells from accumulating DNA mutations that could lead to cancer or other 
diseases. The fragile balance between life and death in that case could depend on a 
proper activation of the NF-κB pathway. The antiapoptotic activity of these signal-
ing proteins is crucial in numerous human diseases [ 86 ]. Specifi cally, the NF-κB 
signalling system can play an important part in hepatocarcinogenesis, with different 
roles depending on the liver cell-type, and also infl uencing the pathological setting 
underlying HCC development [ 90 ]. NF-κB can act as a tumor-suppressor in hepato-
cytes, inhibiting liver cancer development by promoting hepatocyte survival during 
the injury/tumor-initiation phase. When NF-κB is inactivated in hepatocytes, cell 
death and subsequent compensatory proliferation increase, leading to enhanced car-
cinogenesis. A critical pro-survival mechanism controlled by NF-κB in hepatocytes 
involves the oxidative stress response, as demonstrated by experiments utilizing 
antioxidants in different mouse models [ 91 ,  92 ]. It has been shown that hepatocyte- 
specifi c deletion of IKKb, the catalytic subunit of the IKK complex, resulted in 
markedly increased ROS levels after acute treatment with the hepatic carcinogen 
diethylnitrosamine (DEN) and in enhanced DEN-induced hepatocarcinogenesis. 
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This phenotype was attributed in part to the diminished expression of antioxidant 
enzymes such as SOD2 in the livers of IKKb-defi cient mice [ 93 ]. However, it should 
be considered that NF-κB also regulates the expression of infl ammatory enzymes, 
including the inducible form of NO synthase and the inducible form of cyclo- 
oxygenase (COX2) in macrophages [ 94 ], further stressing the differential roles that 
NF-κB may play in hepatocarcinogenesis depending on the cell type where it is 
activated. This is illustrated by the fact that IKKb inactivation in myeloid cells 
inhibits HCC development in DEN-treated mice [ 92 ]. 

 As previously mentioned, in HCV infection there is a decrease in liver antioxi-
dant defenses and an increased generation of ROS. It was directly demonstrated 
that the HCV core and NS5A nonstructural proteins caused oxidation of mitochon-
drial glutathione leading to increased ROS in this organelle [ 95 ,  96 ]. Interestingly, 
NS5A- induced activation of NF-κB can be neutralized by antioxidants [ 96 ]. More 
recently, expression of the full-length open reading frame of an infectious cDNA 
clone of HCV in non-transformed human hepatocytes resulted in increased ROS 
levels and concomitantly triggered NF-κB activity, a response that has been sug-
gested to have antiapoptotic effects and favor viral persistence and therefore the 
risk of developing HCC [ 97 ].  

20.3.2     p38α MAPK Pathway and HCC 

 p38α is the major p38/MAPK isoform, being activated in response to infl ammation 
and oxidative stress. p38α negatively regulates cell cycle progression and controls 
the expression of different infl ammatory mediators, as well as antioxidant genes 
[ 98 ]. In an interesting study, Sakurai et al. showed that p38α MAPK pathway activa-
tion prevented ROS accumulation in mice acutely exposed to DEN, and that 
hepatocyte- specifi c deletion of this MAPK resulted in signifi cantly enhanced DEN- 
induced hepatocarcinogenesis [ 93 ]. Later on, the same authors described that p38α 
activity is also important for suppression of ROS accumulation upon thioacetamide 
(TAA) administration, which leads to induction of fi brosis, cirrhosis, and HCC [ 99 ]. 
In both models, p38α activity prevents ROS accumulation by controlling the expres-
sion of heat shock protein (HSP) 25, the mouse homolog of human HSP27. 
Restoration of HSP25 expression in the p38α-defi cient liver prevents TAA-induced 
ROS accumulation and fi brogenesis [ 99 ].   

20.4     Role of Oxidative Stress in Experimental 
Hepatocarcinogenesis 

 Animal models of HCC can help to understand the cellular and molecular mecha-
nisms underlying the pathogenesis of this type of tumor. Within these experimental 
models, there are genetic models including conditional knock-out or transgenic 
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mice, which are mainly used to study the involvement of specifi c gene/protein in the 
carcinogenic process [ 100 ,  101 ]. On the other hand, models of chemically induced 
HCC can mimic the injury-fibrosis-malignancy cycle if a genotoxic compound 
is administered together with or followed by a promoting agent. Here we next 
revise several mouse models useful for HCC investigation in which oxidative stress 
is involved. 

20.4.1     Genetically Modifi ed Mouse Models 

20.4.1.1     Transgenic Mice Expressing HBV Proteins 

 Different studies have shown that overexpression of the HBV large surface antigen 
(IsAg) and HBV X protein (HBx) in the liver leads to HCC development in trans-
genic mice [ 102 ]. Regarding the potential pro-carcinogenic mechanisms involved, 
transgenic mice expressing the HBV proteins (including HBx) display elevated 
hepatic oxidative stress levels compared to nontransgenic controls, with a concur-
rent increase in oxidative DNA damage [ 103 ]. HBx protein directly interacts with 
mitochondrial membrane proteins, altering mitochondrial membrane potential and 
mitochondrial electron transport; in consequence, metabolism of hepatocytes is 
altered and ROS production is increased [ 104 ] (Fig.  20.2 ). These fi ndings were 
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extended to demonstrate that ROS scavengers were able to inhibit HBx-mediated 
mitochondrial membrane depolarization and subsequent apoptosis [ 105 ]. Later on, 
silymarin (a natural antioxidant polyphenol) was used to prevent the HCC in a HBx 
transgenic mouse model [ 106 ] demonstrating its benefi cial effects on the early 
stages of liver pathogenesis, preventing and delaying liver carcinogenesis [ 106 ].  

 Wang et al. [ 107 ] identifi ed two types of LHBs (large surface proteins of HBV) 
with deletions at the pre-S1 (∆S1-LHBs) and pre-S2 (∆S2-LHBs) in ground glass 
hepatocytes obtained from patients with advanced diseases of chronic HBV infec-
tion. Oxidative DNA damage was observed in livers of transgenic mice carrying 
pre-S mutant LHBs, as well as in ground glass hepatocytes [ 108 ] (Fig.  20.2 ). Pre-S 
mutant LHBs induce oxidative stress and lead to oxidative DNA damage of HBV- 
infected hepatocytes through endoplasmic reticulum stress signalling pathways. 
The oxidative DNA damage caused by pre-S mutant LHBs may result in genomic 
instability and mutation of liver cells, and ultimately lead to HCC. The overexpres-
sion of LHBs proteins in transgenic mice has been shown to be cytopathic and could 
lead to liver injury, regenerative hyperplasia, chronic infl ammation, oxidative DNA 
damage, hepatocyte aneuploidy, and eventually progression to HCC [ 107 ,  109 ].  

20.4.1.2     HCV Core Protein Transgenic Mice 

 Transgenic mice models have been widely used to study the biological actions of 
HCV proteins in the liver, including carcinogenesis. Various transgenic mouse 
models are available expressing different HCV proteins. Hepatitis C virus gene 
products have been expressed either alone or in combination in the liver of trans-
genic mice by using different liver-specifi c promoters. Early studies engineered 
transgenic mouse lines harboring genes excised from the cDNA of the HCV genome 
of genotype 1b [ 16 ,  110 ]. The mouse lines were derived from a C57BL/6 strain, 
which is known for its rare spontaneous occurrence of HCC. Three different trans-
genic mouse lines were established, which carried the core gene, envelope genes, or 
non- structural genes respectively, under the same transcriptional control element. 
Among these mouse lines, only the transgenic mice carrying the core gene devel-
oped HCCs [ 110 ,  111 ]. The expression of HCV core leads to progressive hepatic 
steatosis in several lines of constitutive transgenic mice, followed by HCC after 
80–105 weeks in 32 % of the male mice [ 111 ,  112 ]. These observations indicate that 
the core protein of HCV per se has an oncogenic potential when expressed in vivo. 
The envelope genes transgenic mice did not develop hepatocellular injury or 
neoplastic lesions by 16 months of age, despite high expression levels of both E1 
and E2 proteins [ 113 ]. Similarly, the transgenic mice carrying the entire non-
structural genes did not develop HCC [ 114 ]. When the complete viral protein 
complement is expressed, steatosis and HCC occur in 15 % of the mice after 
approximately 90–100 weeks [ 112 ]. However, other researchers did not fi nd the 
tumor phenotype, indicating that genetic background of mice and/or oncogene 
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expression level plays an important role in the outcome of these transgenic mice 
models [ 52 ]. There are also studies showing animals which develop only steato-
sis [ 115 ] or different phenotypes, including oxidative injury [ 95 ], depending on 
the promoter used, the context of expression, and the background of the mouse 
strain used. 

 In general, it is diffi cult to clarify the mechanism of carcinogenesis even for a 
simple model in which only the core protein is expressed in otherwise normal liver 
tissues. Although the core protein predominantly exists in the cytoplasm associated 
with lipid droplets, it is also present in the mitochondria and nuclei [ 110 ,  111 ]. As 
previously mentioned, one consequence of the expression of the core protein is an 
increased production of oxidative stress in the liver. The localization of the core 
protein in the nuclei supported the idea that this protein may act as a transcriptional 
regulator and affect the proliferative ability of the cells, thereby being associated 
with hepatocarcinogenesis. The core protein alters mitochondrial function and 
results directly in an increase in the cellular abundance of ROS. The consequences 
of this state of chronic oxidative stress include a reduction in mitochondrial meta-
bolic processes, which might contribute to the development of steatosis by inhibi-
tion of β-oxidation and oxidative damage to both mitochondrial and chromosomal 
DNA [ 16 ,  95 ] (Fig.  20.2 ). Hepatic steatosis in hepatitis C may work as fuel for 
oxidative stress overproduction [ 116 ]. Accumulated lipids may be utilized as sub-
strates for ROS production, thereby placing patients with chronic hepatitis C and 
NASH onto the track to HCC development [ 116 ] (Fig.  20.2 ).  

20.4.1.3     Methionine Adenosyltransferase 1a ( Mat1a ) Null Mice 

 From NASH to cirrhosis and HCC, methionine metabolism is progressively 
impaired.  S -adenosylmethionine (SAMe), generated in the fi rst reaction of methio-
nine metabolism catalyzed by methionine adenosyltransferase (MAT), is the princi-
pal biological methyl donor and a precursor for GSH and polyamines synthesis 
[ 117 ]. Chronic hepatic SAMe defi ciency generates oxidative stress [ 118 ,  119 ] and 
predisposes to injury and malignant transformation [ 78 ,  117 ]. Different isoforms of 
MAT exist. MAT II is the product of the  MAT2A  gene and is expressed in fetal hepa-
tocytes and in all adult cell types except the mature hepatocyte. MAT I/III is encoded 
by the  MAT1A  gene, which is actively transcribed in adult healthy hepatocytes 
[ 120 ]. Importantly,  MAT1A  expression and MATI/III activity are progressively lost 
in chronic human liver disease, and this gene is ultimately silenced in HCC [ 78 , 
 121 ]. Therefore,  MAT1A  expression is considered a marker of the healthy and 
differentiated liver phenotype.  Mat1A  knockout (KO) mice have increased hepatic 
oxidative stress, impaired mitochondrial function, and developed steatohepatitis 
and HCC spontaneously [ 122 ]. The oxidative stress displayed by  Mat1A  KO mice 
is due in part to reduced levels of the antioxidant GSH and to an altered expression 
of genes involved in lipid oxidation such as  Cyp4a10  and  Cyp4a14  [ 122 ,  123 ]. 
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Concretely,  Mat1A  KO mice show early signs of liver infl ammation and spontane-
ously develop steatohepatitis by 8 mounts of age. Persistent infl ammation is accom-
panied by hepatocellular proliferation, and by 1 year of life, a signifi cant proportion 
of mice develop liver tumors [ 122 ,  123 ]. Interestingly,  Mat1A  KO mice show 
increased hepatic expression of Cyp2E1, a cytochrome involved in the metabolism 
of a variety of xenobiotics, including carcinogens, that favors the generation of 
ROS. The administration of a Cyp2E1 inhibitor to  Mat1A  KO mice markedly 
reduced liver injury triggered by carbon tetrachloride (CCl 4 ), underscoring the impor-
tance of oxidative stress in liver injury associated with  Mat1A  defi ciency [ 122 ].  

20.4.1.4      Acyl - coenzyme A Oxidase  Null Mice 

 Acyl-coenzyme A oxidase (AOX) is the rate-limiting enzyme of peroxisomal 
β-oxidation of long chain fatty acids (LCFA). Accordingly,  AOX  KO mice have 
defective peroxisomal β-oxidation of LCFA, which accumulate in the liver leading 
to the development of steatohepatitis.  AOX  KO mice begin to exhibit microvesicular 
fatty change of hepatocytes at 7 days of age [ 124 ]. By 30 days of age, the  AOX  KO 
mouse liver shows a more severe steatosis. Later on, by 4–5 months of age, elevated 
expression of PPAR-α, cytochrome P450 genes (Cyp4a10 and Cyp4a14), and 
increased levels of H 2 O 2  are observed. However, a compensatory increase of fatty 
acid oxidation is observed by 6–7 months of age, and hepatic steatosis recovers by 
regeneration of hepatocytes. Finally,  AOX  KO mice develop hepatocellular adeno-
mas and HCCs by 15 months of age [ 124 ]. Interestingly, the increased hepatocellular 
proliferative activity found in  AOX  KO mice at pre-neoplastic stages (2–8 months of 
age) was accompanied by a marked intrahepatic production of H 2 O 2  [ 125 ].  

20.4.1.5      Mdr2  Null Mice 

 The Mdr2 protein, encoded by  abcb4 , is a phospholipid fl ippase that promotes bili-
ary secretion of phospholipids. In the bile, phospholipids form mixed micelles with 
bile acids and cholesterol, thereby protecting the biliary epithelium from the dam-
aging effects of bile acids.  Mdr2 -defi cient mice develop cholestasis with features 
closely resembling critical features of chronic cholestatic liver diseases, including 
primary sclerosing cholangitis, fi brosis, and with a background-dependent latency 
of several months, preneoplastic lesions slowly progressing to metastatic liver can-
cer [ 126 ].  Mdr2 -defi cient mice, compared with wild-type mice, included deregula-
tion of genes that control lipid synthesis, storage, and oxidation; decreased serum 
levels of cholesterol and phospholipids; and reduced hepatic long-chain fatty acyl- 
CoAs (LCA-CoAs). Low levels of LCA-CoAs could result from enhanced catabo-
lism (e.g., via peroxisomal oxidation), which leads to medium-chain fatty acyl-CoAs 
(MCA-CoAs) accumulation and oxidative stress via H 2 O 2  [ 127 ]. Importantly, 
dietary administration of antioxidant compounds (tannic acid or selenomethionine) 
had a partial chemopreventive effect on HCC development in  Mdr2  Ko mice [ 128 ].   
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20.4.2     Mouse Models of Chemically Induced Oxidative Stress 
and HCC 

 There are few rodent models of HCC arising within a background of regenerative 
nodules and cirrhosis, and most depend on the administration of hepatotoxic and/
or carcinogenic agents. Ideally, these models should reproduce the injury–fi bro-
sis–malignancy cycle seen in chronic human liver diseases. However, most 
chemotoxic- induced HCC models do not completely recreate the pathophysiology 
of the human disease. Only those chemicals generating oxidative stress are 
described in this section. 

20.4.2.1     Diethylnitrosamine 

 The genotoxic drug DEN has been used since the 1960s to induce HCCs in rodents 
and is the most widely employed chemical to induce liver cancer in mice. DEN is 
known to induce DNA damage, mutations, oxidative stress, and hepatocyte apopto-
sis [ 92 ,  129 ]. DEN allows the induction of HCC development in a time- and dose- 
dependent manner, being also easy to reproduce. The DEN model has been largely 
used to study the pathophysiology of HCC [ 92 ,  130 ]. However, it is important to 
bear in mind that in this model the sequence of events leading from chronic infl am-
mation and fi brosis to cirrhosis and tumor development is completely skipped. 

 DEN is a DNA-alkylating agent leading to the formation of mutagenic DNA 
adducts. DEN undergoes metabolic activation in hepatocytes by enzymes of the 
cytochrome P450 family generating ROS. This molecule acts as a complete carcino-
gen, able to induce damage to DNA, proteins, and lipids, leading to hepatocyte 
death. Similar to what occurs in patients, HCC development in this model usually 
follows a slow multistep sequence, where cycles of necrosis and regeneration pro-
mote neoplastic transformation. The progression from early dysplastic lesions to 
fully malignant tumors is associated with an increased occurrence of genomic alter-
ations [ 25 ,  131 ]. DEN is typically administered to mice between 12 and 15 days of 
age by a single intraperitoneal injection (5–25 μg/g body weight). Using this proto-
col, originally described by Vesselinovitch and Mihailovich [ 132 ], 100 % of B6C3F1 
male mice developed HCCs, on average 44 weeks after intraperitoneal injection of 
DEN [ 132 ]. Interestingly, this model also reproduces the increased incidence of 
HCC in male individuals that is observed in patients [ 130 ]. When  administered later 
in life, tumor promotion is required and can be achieved by different ways, for 
instance by phenobarbital or CCl 4  administration, partial hepatectomy, or as recently 
demonstrated by high fat diet feeding [ 133 ]. These protocols are less effi cient in 
producing HCCs than those previously mentioned, but may resemble better the 
clinical situation [ 134 ]. DEN is metabolized in centrilobular (zone 3) hepatocytes 
leading to ROS production [ 93 ]. Moreover, administration of the chemical antioxi-
dant butylated hydroxyanisole (BHA) to  Ikkβ Δhep mice, lacking hepatocyte IKKβ 
(a negatively regulator of ROS formation), prevents DEN-induced ROS accumula-
tion and liver damage, thereby attenuating HCC development [ 92 ].  
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20.4.2.2     Thioacetamide 

 TAA is a hepatotoxin that can be administered either in drinking water or by intra-
peritoneal injection. The hepatotoxic action is a result of the pro-oxidant properties 
of the compound, leading to hepatic oxidative stress and liver damage [ 135 ]. TAA 
causes hepatocellular necrosis after biotransformation to an active metabolite via 
the fl avine adenine dinucleotide monooxygenase pathway resulting in the formation 
of TAA-S-oxide [ 136 ]. Usually administered TAA doses range from 400 to 600 mg/
kg and the frequency of administration also varies from once daily for 2 days to 
once daily for 3 days. More recently, chronic TAA administration has been shown 
to lead to the development of cirrhosis [ 137 ]. In addition, chronic administration of 
TAA for 6 months to rats that previously received a single injection of DEN (200 mg/
kg body weight) resulted in the appearance of dysplastic nodules and tumors [ 138 ]. 
Interestingly, experimental studies in rodents have shown that the administration of 
the antioxidant polyphenols silymarin and silibinin protects against hepatotoxicity 
and tumor formation induced by TAA [ 139 ].  

20.4.2.3    Carbon Tetrachloride 

 CCl 4  is one of the most potent hepatotoxins [ 140 ]. CCl 4  administration is the most 
commonly employed model of liver disease. CCl 4  can be administered in drinking 
water, in inhaled gases, or by intraperitoneal injection. The hepatotoxicity of CCl 4  
involves two phases [ 141 ]. First, CCl 4  is metabolized by Cyp2E1 to form trichloro-
methyl radicals [ 142 ]. These radicals are highly energetic and cause LPO and mem-
brane damage. Second, ROS can activate Kupffer cells (the resident liver 
macrophages) leading to an infl ammatory response, which results in the secretion of 
cytokines, chemokines, and other pro-infl ammatory factors [ 143 ]. These factors not 
only have a direct cytotoxic effect, but also attract and activate monocytes, neutro-
phils, and lymphocytes, which contribute to the tissue damage. 

 In general, compounds like phenobarbital, ethanol, and acetone induce micro-
somal cytochrome p450 and therefore potentiate the hepatotoxicity of CCl 4 . For 
example, weekly injections of CCl 4  accompanied by alcohol administration through 
drinking water lead to HCC development after 104 weeks [ 25 ,  140 ]. It is believed 
that the repeated cycle of injury, infl ammation, and repair leads to fi brosis and even-
tually HCC. As previously mentioned, CCl 4  can be combined with DEN and this 
approach results in faster HCC development (approximately 4 months) on a back-
ground of chronic infl ammation, fi brosis, and liver injury similar to the natural his-
tory of HCC development in humans [ 144 ].  

20.4.2.4    Choline- and Methionine-Defi cient Diets (CMD) 

 A chronic defi ciency of the major dietary methyl group donors, methionine, cho-
line, folic acid, and vitamin B12, can induce the development of liver cancer in 
rodents. Over the years, a number of varied studies have demonstrated that diets 
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lacking methyl donors may act as carcinogens that can induce liver tumor formation 
in the absence of any exogenous carcinogens. Dietary methyl defi ciency causes the 
induction of oxidative stress in the livers of exposed rats and mice [ 145 ]. Mice sub-
jected to a long-term choline-defi cient diet (CDD) develop tumors after 50–52 
weeks. A CDD induces steatosis in all mice; nevertheless, fat accumulation can 
differ considerably between species and is not necessarily strain-dependent. The 
proposed mechanism of carcinogenicity by CDD is through the formation of oval 
cells, a result of oxidative DNA damage and chromosomal instability because of the 
depletion of hepatic antioxidant mechanisms [ 114 ]. It has been assumed that oval 
cells, either directly or indirectly through the generation of hepatocytes, function as 
tumor progenitors [ 114 ]. The CDD can be combined with the administration of a 
hepatotoxic compound, such as DEN or CCl 4 , and serves as a good model for ste-
atohepatitis with further development to HCC [ 146 ].   

20.4.3     Genetically Modifi ed Models with Enhanced 
Susceptibility to Chemically Induced 
Hepatocarcinogenesis 

 Lin et at. showed that knockout of the toll-like receptor 2 (TLR2) gene enhances 
DEN-induced hepatocarcinogenesis [ 147 ]. They demonstrated that TLR2 signaling 
plays a defense role against HCC through eliciting intracellular senescence and 
maintaining autophagy fl ux in liver cells. In addition, these authors further proved 
that ROS and endoplasmic reticulum (ER) stress are directly responsible for the 
aggravation of liver carcinogenesis in TLR2-defi cient mice. Interestingly, treatment 
of these animals with the antioxidant agent  N -acetyl-cysteine (NAC) can eliminate 
ROS accumulation and alleviate ER stress in DEN-injured liver tissue [ 147 ]. 
Furthermore, this study showed that pretreatment of TLR2-defi cient mice with 
NAC attenuated the development and progression of HCC. 

 Maeda et al. demonstrated that mice lacking IKKβ or P38α only in hepatocytes 
exhibited a marked increase in HCC occurrence following treatment with DEN 
[ 92 ]. P38α and IKKβ negatively regulate ROS accumulation and c-jun kinase (JNK) 
activity through different mechanisms. All of them maintain hepatocyte viability 
and suppress liver carcinogenesis as demonstrated by the fact that both IkkβΔhep 
[ 92 ] and p38αΔhep [ 99 ] mice accumulate higher levels of ROS in these cells after 
DEN administration and exhibit increased hepatocellular death than control mice. 
Yet, neither IkkβΔhep nor p38αΔhep mice show spontaneous liver damage or HCC 
formation unless challenged with a carcinogen.   

20.5     Antioxidants in HCC Chemoprevention 

 As discussed above, abundant evidences indicate that oxidative stress indeed plays 
a central role in HBV, HCV, and NASH-associated liver damage and HCC development. 
This knowledge opens the possibility of devising strategies aimed at the inhibition 
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of oxidative stress, and therefore quell HCC development. Among them, chemopre-
vention has to be considered as an interesting approach that could lower the current 
morbidity and mortality associated with HCC [ 148 ]. In this regard, there are 
numerous studies showing that different antioxidants act not only as free radical 
scavengers, but also as direct modulators of multiple cell signaling pathways 
through diverse mechanisms [ 149 ]. A number of chemopreventive agents have been 
examined both in animal models of HCC and in humans. Chemoprevention against 
HCC in mouse models has previously been achieved with antioxidants, including 
resveratrol [ 150 ], vitamin E [ 151 ], tannic acid [ 152 ], BHA [ 153 ], and some sele-
nium compounds [ 154 ]. In most cases, the chemopreventive agent was supple-
mented during several months, but in some models a short prenatal and postnatal 
exposure resulted in signifi cant decrease of HCC incidence [ 154 ]. In particular, 
from some studies conducted both in vivo and in vitro, resveratrol emerged as a 
promising molecule that inhibits carcinogenesis [ 150 ]. Various effects and mecha-
nisms of action have been proposed, but some investigations indicated that resvera-
trol can suppress the growth of HCC cells and prevent hepatocarcinogenesis by 
mitigating oxidative stress [ 155 ,  156 ]. 

 Interestingly, most of the antioxidants used as chemopreventive agents come 
from diet. The relationship between diet and liver cancer is less studied relative to 
other gastrointestinal cancers. In addition, there are some contradictory observa-
tions regarding the antioxidant effects of dietary antioxidants in preventing HCC. 
For example, fruits and vegetables are a rich source of antioxidants, such as retinol, 
carotenoids, vitamin C, vitamin E, and selenium. In general, they are thought to 
exert protective effects against cancer. However, as shown by different studies, not 
all antioxidant nutrients might be protective against HCC [ 157 ]. For example, in 
some studies carotenoids were shown to suppress liver cancer, in patients with viral 
hepatitis and cirrhosis [ 158 ,  159 ]. Moreover, carotenoids appear to play an impor-
tant role in the prevention of hepatitis virus infection-related liver carcinogenesis. 
In contrast, vitamin C consumption appeared to be associated with an increased risk 
of HCC. Although vitamin C has antioxidant potential, it also acts to stimulate the 
absorption of iron from food [ 160 ], and iron overload is considered a risk factor for 
HCC [ 161 ]. Although limited in number, intervention studies using supplemental 
vitamin E also do not indicate any overall benefi t for liver cancer prevention. 
However, there is some evidence that supplemental vitamin E in individuals with 
preexisting liver conditions (e.g., hepatitis and HCC) may have some benefi ts. The 
most convincing anti-cancer data for vitamin E come from animal studies [ 162 ]. 
Dietary selenium is an essential mineral for both humans and animals. It functions 
as a component of several proteins including glutathione peroxidases (GPx) and 
thioredoxin reductases among others. Several studies have examined whether 
changes in oxidative stress correlated with effects on carcinogenicity by selenium 
intake. Selenium increases serum and liver GPx activity, but did not decrease the 
oxidative damage indices. Overall, the role of selenium in human and experimental 
liver cancer is not clear. Although some studies have shown that feeding higher 
amounts of selenium inhibits initiation, and promotion of carcinogenesis, others 
show no effect or even an enhancement of carcinogenesis [ 162 ]. There are also 
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controversial data around NAC. NAC is a precursor of glutathione and increases 
glutathione levels, and it also can scavenge free radicals itself. However, NAC did 
not prevent DEN-induced HCC [ 162 ]. 

 As previously mentioned, reduced hepatic SAMe availability is associated with 
chronic liver disease progression and hepatocarcinogenesis [ 78 ]. Several experi-
mental studies have cogently demonstrated the chemopreventive potential of 
long- term SAMe administration [ 163 ,  164 ]. The underlying mechanisms to this 
chemopreventive effect of SAMe are likely to be multifarious, given the high num-
ber of different biochemical reactions in which this methyl-donor can participate. 
Nevertheless, the antioxidant properties of SAMe, due in part to its contribution to 
GSH synthesis, could participate in the chemopreventive mechanisms of this 
molecule [ 163 ]. 

 Numerous experimental studies have also addressed the chemopreventive activ-
ity of polyphenols, fl avonoids, and non-fl avonoids, against HCC. These compounds 
found in plants are characterized by the presence of hydroxyl groups bound to 
aromatic rings and display notorious antitumoral effects both in vitro and in in vivo 
models of HCC, as previously mentioned for resveratrol [ 165 ]. As occurs with 
SAMe, the mechanisms of the preventive and/or antitumoral effects of polyphenols 
are likely to be pleiotropic, affecting many cellular signalling pathways and mediators 
[ 162 ,  165 ]. Nevertheless, and in spite of the chemical heterogeneity of polyphenols, 
common denominators in their biological effects are the potentiation of antioxidant 
defense systems, including antioxidant enzymes, and the inhibition of infl ammatory 
pathways and ROS production [ 162 ,  165 ]. 

 In spite of the abundant experimental information on the antitumoral effects of 
antioxidants in HCC, few clinical trials have been carried out [ 166 ]. This paucity of 
clinical studies is due in part to the lack of standardized biomarkers to monitor 
effi cacy. Toxicity concerns are also present, considering that patients at risk of 
developing HCC normally have an impaired liver function, and therefore should be 
carefully selected. Nevertheless, these clinical interventions are worth exploring. 
The  identifi cation of effective chemopreventive strategies able to halt chronic liver 
disease progression and HCC development is much needed. Moreover, these che-
mopreventive interventions are also likely to be cost-effective.     
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    Chapter 21   
 The Role of Oxidative Stress 
in Hepatocarcinogenesis 

             Helmut     K.     Seitz       and     Sebastian     Mueller   

21.1            Introduction 

 The incidence of hepatocellular cancer (HCC) is rising worldwide. HCC is the most 
frequent complication of hepatic cirrhosis and its increase may also be explained by 
the fact that the therapy of liver cirrhosis is improved and therefore, patients with 
cirrhosis live longer [ 1 ]. Viral hepatitis B and C are still the major problem world-
wide with high incidence of HCC. In addition, in the Western world alcoholic liver 
disease (ALD) as well as non-alcoholic fatty liver disease (NAFLD) are predomi-
nant, and both liver disease lead to HCC. 

 Chronic alcohol misuse is a major health problem worldwide. It was concluded 
that alcohol accounts for approximately 1.8 million deaths per year (3.2 % of all 
deaths) [ 2 ,  3 ]. One of the most signifi cant diseases caused by chronic alcohol con-
sumption is cancer. In February 2007, an international group of experts met at the 
International Agency for Research on Cancer (IARC) in Lyon, France, to evaluate 
the role of alcohol and its fi rst metabolite acetaldehyde as potential carcinogens. 
This working group has concluded that the occurrence of various tumors including 
HCC is related to the consumption of alcoholic beverages [ 4 ]. 

 The major focus of this review is on mechanisms in alcohol-mediated hepatocar-
cinogenesis with special emphasis on oxidative stress in the liver which includes the 
action of acetaldehyde as well as the generation of reactive oxidative species (ROS) 
during infl ammation as well as mediated by Cytochrome P450-2E1 (CYP2E1). 
Finally, the role of iron as a catalytic factor in the production of oxidative stress and 
the role of alcohol in iron regulation will be discussed. With respect to other mecha-
nisms, it is referred to recent review articles [ 5 ,  6 ].  
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21.2     Animal Experiments 

 It has been believed that alcohol per se is not carcinogenic rather than a tumor 
promoter or a co-carcinogen, since administration of alcohol alone did not induce 
tumors. However, Beland and coworkers [ 7 ] succeeded to produce HCC in B6C3F1 
mice of both sexes within 104 weeks following continuous alcohol consumption of 
2.5 and 5 % in their drinking water without any additional carcinogen. There was a 
signifi cant dose-related trend in the development of hepatocellular adenomas and 
HCC. Before, a great number of studies have investigated the modifying effect of 
alcohol on chemically induced carcinogenesis using mice and rats. In most studies, 
the administration of alcohol increased chemically induced carcinogenesis [ 8 ]. 
With respect to hepatocarcinogenesis, most of the studies have been performed with 
nitrosamine as inducing agent. Almost all these studies have shown an inhibition of 
carcinogenesis with alcohol, but on the other hand an enhancement in incidence of 
extrahepatic tumors. In addition, when manipulations were added such as the 
administration of a methyl-defi cient low carbohydrate diet or partial hepatectomy, 
hepatic carcinogenesis was stimulated by alcohol [ 8 ]. Striking enhancement of 
hepatic carcinogenesis was also observed when alcohol and the procarcinogen were 
given strictly alternatively to avoid an interaction between alcohol and carcinogen 
metabolism [ 8 ]. 

 In two recent animal experiments, it has been shown that CYP2E1 is primarily 
responsible for the effect of alcohol on the development of HCC. When ethanol was 
given to rats after they have received a single dose of a low amount of nitrosamine, 
these animals developed hepatic precarcinogenic lesions [ 9 ] as well as hepatic ade-
nomas after 10 months of feeding [ 10 ]. However, when CYP2E1 was blocked by 
the specifi c CYP2E1 inhibitor chlormethiazole, no tumors could be detected [ 10 ]. 
A similar observation was made by Tsuchishima et al. [ 11 ], who showed the devel-
opment of hepatic tumors by chronic alcohol feeding without the application of an 
additional carcinogen. Upregulation of CYP2E1 with consecutive ROS generation 
and the expression of c-Myc seems to be of major importance in this animal model. 

 In various animal models, attempts have been made to correlate the stages of 
initiation, promotion, and progression in hepatocarcinogenesis with specifi c precan-
cerous histological features. Thus, sites of focal growth have been observed which 
show a number of metabolic alterations, for example, enzyme-altered foci and pre-
neoplastic nodules [ 10 – 12 ]. Interestingly, MDB formation is high in HCC and the 
incidence of HCC is signifi cantly higher in cirrhosis with MDBs than without [ 13 ]. 
It was therefore hypothesized that MDBs may represent an initial phenotypical 
alteration in the carcinogenic transformation of hepatocytes. Another histological 
abnormality observed in experimental hepatocarinogenesis is the occurrence of oval 
cells which originate from the portal triads after long-term alcohol exposure [ 14 ]. 
These cells do also appear after administration of a choline-defi cient ethionine sup-
plemented diet which is known to stimulate hepatocarcinogenesis. Recently, the 
occurrence of oval cells has also been observed in patients with chronic ALD. Oval 
cell proliferation is enhanced by TNFα, by TGFß-1, and by various cytokines, all of 
them increased in ALD [ 15 ].  
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21.3     Epidemiology 

 HCC is among those cancers that present with a rising incidence worldwide, 
particularly in Western industrialized countries. For example in the U.S., HCC is the 
fastest growing cause of cancer-related death in men with incidence rates increasing 
more than twofold between 1985 and 2002 [ 16 ,  17 ]. Overall, HCC is the fi fth most 
common cancer and the third most frequent cause of cancer mortality, only sur-
passed by cancers of the lungs and the stomach [ 18 ]. Parallel to the increased 
incidence of HCC is the worldwide increase in alcohol consumption [ 19 ]. 

 The relative risk for HCC is between 4.5 and 7.3 when more than 80 g alcohol 
per day is consumed, compared with abstinence or consumption of less than 40 g 
per day [ 20 – 22 ]. A dose–response relationship for the amount of alcohol consumed 
and the risk of HCC has been shown. The major risk factor is cirrhosis of the liver 
per se [ 20 ,  23 ,  24 ]. The occurrence of HCC without cirrhosis has been reported; 
however, it is extremely rare [ 25 ,  26 ]. One to two percent of alcoholic cirrhotics 
develop HCC per year. 

 Although alcohol itself leads to liver cirrhosis and promotes HCC, it is also a 
co-factor for the development of HCC in other chronic liver diseases. Thus, chronic 
alcohol misuse may enhance and/or accelerate hepatocarcinogenesis in patients 
with HBV [ 27 ] and HCV [ 28 ] infection, with hereditary hemochromatosis [ 29 ], and 
with NAFLD [ 30 ]. With respect to viral hepatitis, alcohol may stimulate oxidative 
stress and may, therefore, contribute to infl ammation. It has been shown that chronic 
alcohol consumption of more than 25 g per day leads to a 10-year earlier occurrence 
of HCC in a Japanese population, indicating an accelerating effect of alcohol in 
HBV-driven hepatocarcinogenesis [ 27 ]. Chronic alcohol misuse also increases the 
risk for HCV infection [ 28 ]. Whether this is due to an impaired function of the 
immune system following alcohol ingestion or relates to a risky lifestyle of alcohol-
ics is still unknown. In addition, alcohol may increase viral replication possibly by 
immunosuppression. Finally, alcohol may stimulate infl ammation and, thus, oxi-
dative stress [ 28 ]. 

 In hereditary hemochromatosis, hepatic iron overload is a major factor in hepa-
tocarcinogenesis and alcohol enhances iron deposition in the liver resulting in 
increased oxidative stress (see below) [ 29 ]. 

 With respect to NAFLD, it became clear that type 2 diabetics have an increased 
risk for HCC [ 31 ]. The pathogenesis of NAFLD includes the accumulation of fat in 
the liver which may be predominantly induced by hyperinsulinemia due to periph-
eral insulin resistance. Free fatty acids induce cytochrome P4502E1 (CYP2E1) and 
lead to the generation of ROS. It has been shown that the relative risk for HCC in 
type 2 diabetics is approximately 4, and it increases to almost 10 when more than 
80 g per day are consumed [ 20 ,  21 ]. Patients with NASH who consume daily 
alcohol even at a social level have signifi cant increased risk to develop HCC as 
 compared to NASH patients who are abstinent [ 30 ]. This is one reason why the 
intake of alcohol of any type and dose is not recommended in NASH patients [ 32 ].  
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21.4     Pathogenesis 

21.4.1     General Aspects 

 Without any doubt, one major prerequisite in the pathogenesis of HCC is the 
presence of cirrhosis [ 20 ,  24 ]. The fact that chronic alcohol consumption results in 
HCC via cirrhosis can be either explained by [ 1 ] cirrhosis-associated mechanisms, 
[ 2 ] a long time process leading parallel to cirrhosis and HCC, or [ 3 ] an early initia-
tion of HCC followed by tumor promotion due to cirrhosis. 

 It is interesting that former drinker who had been abstinent for less than 10 years 
carries a higher risk of developing HCC than those who continue to drink [ 33 ]. 
Explanations could be that cessation of drinking rather refl ects advanced liver cir-
rhosis which is per se associated with HCC occurrence, or stimulated liver cell 
regeneration following alcohol abstinence enhancing cell turnover, expansion of 
dysplastic cell clones, and the likelihood of tumor initiation. 

 Carcinogenesis by alcohol is complex and still poorly understood for many rea-
sons [ 5 ,  6 ,  34 – 38 ]. One major reason is due to the fact that it is rather the metabo-
lites and side products of alcohol turnover rather than direct actions of alcohol itself. 
Indeed, alcohol is rapidly converted into more reactive, toxic, or even carcinogenic 
compounds such as acetaldehyde or reactive oxygen species (ROS) via non- 
enzymatic or enzymatic reactions. The production of these metabolites during alco-
hol consumption is complicated since it is dependent on many additional factors 
that include the genetic background or the tissue-specifi c induction of detoxifying 
enzymes [ 36 – 38 ]. The complete understanding of alcohol-mediated carcinogenesis 
is also hampered by the fact that side products such as ROS are very diffi cult to 
measure and appropriate models to study ROS and ROS-mediated carcinogenesis 
are still lacking [ 39 ]. Finally, commonly used animal models such as rodents sig-
nifi cantly differ from humans with regard to alcohol sensitivity, metabolism, and 
consequently with regard to cancer development. Although iron and its accumula-
tion in the liver during alcohol consumption has been appreciated for a long time, a 
better understanding of the underlying molecular mechanisms has been only gained 
in the last decade with the discoveries of key regulatory molecules such as hepcidin 
and the HFE gene. 

 Except for cirrhosis of the liver which will be discussed elsewhere in this book, 
various mechanisms may act in concert in hepatocarcinogenesis including (1) oxi-
dative stress (2) the action of acetaldehyde, the fi rst oxidative metabolite of ethanol 
oxidation with its effect on the antioxidative defense system, DNA repair systems, 
and epigenetics (reduced availability of methyl groups associated with altered meth-
ylation of DNA and histones), (3) additional epigenic alterations due to effects of 
ethanol on DNA/histone acetylation and deacetylation, (4) the reduction of retinol 
and retinoic acid associated with hyperproliferation and the loss of cell differentia-
tion, (5) changes in intercellular signal transduction pathways, and (6) immunosup-
pression. Recent review articles have covered these aspects in detail [ 5 ,  6 ]. 
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 We will discuss here only mechanisms due to oxidative stress either directly 
(e.g., generation of ROS) or indirectly (e.g., inhibition of the antioxidative defense 
system or the DNA repair system).  

21.4.2     The Role Oxidative Stress 

 The formation of ROS such as superoxide anion and hydrogen peroxide causes 
oxidative injury. Several enzyme systems are capable to produce ROS, including 
the cytochrome P-450 2E1 (CYP2E1)-dependent microsomal mono-oxygenase 
system, the mitochondrial respiratory chain, and the cytosolic enzymes xanthine 
oxidase and aldehyde oxidase [ 40 ]. Ethanol-mediated ROS formation may be due 
to an increased electron leakage from the mitochondrial reparatory chain associated 
with the stimulation of reduced nicotinamide adenine dinucleotide (NADH) shut-
tling into mitochondria [ 41 ] and to the interaction between  N -acetylsphingosine 
(from tumor necrosis factor alpha) and mitochondria [ 42 ]. The induction of sphin-
gomyelinase by TNF-α increases the levels of ceramide, an inhibitor of the activity 
of the mitochondrial electron transport chain, leading to increased mitochondrial 
production of ROS. ROS can also be generated in alcoholic hepatitis with activated 
hepatic phagocytes [ 43 ]. Hepatic iron accumulation as observed in ALD increases 
ROS and fi nally nitric oxide production because ethanol-mediated stimulation of 
inducible nitric oxide synthase results in the formation of peroxynitrite which is 
highly reactive [ 44 ]. 

21.4.2.1     Acetaldehyde, a Possible Pathogenic Factor 
in Hepatocarcinogenesis 

 According to the IARC, there is suffi cient evidence to classify acetaldehyde as a 
carcinogen in experimental animals and humans [ 4 ]. 

 Acetaldehyde is highly toxic, mutagenic, and carcinogenic [ 38 ]. It interferes 
with DNA synthesis and DNA repair. In vivo and in vitro experiments in prokaryotic 
and eukaryotic cell cultures as well as in animal models have shown that acetalde-
hyde has direct mutagenic and carcinogenic effects, causes point mutations in the 
hypoxanthine-guanine-   phosphoribosyl transferase locus in human lymphocytes, 
and induces sister chromatid exchanges and gross chromosomal aberrations [ 45 – 48 ]. 
Acetaldehyde induces infl ammation and metaplasia of tracheal epithelium, delays 
cell cycle progression, and enhances cell injury associated with cellular hyperregen-
eration in the mucosa of the esophagus and colon [ 38 ]. Acetaldehyde also binds to 
protein and DNA [ 49 – 55 ]. Thus, structure and function of various proteins are 
altered including the antioxidative defense system with glutathione, DNA repair 
enzymes, and cell organelles such as mitochondria and microtubules [ 38 ]. Decreased 
mitochondrial function results in inhibition of fatty acid oxidation and ATP formation. 
Decreased microtubular function leads to inhibition of the secretion of macromolecules 
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such as very low-density lipoproteins from the liver. Both factors favor the genera-
tion of fatty liver. In addition, apoptosis as well as survival factors such as NFκB are 
induced [ 37 ]; acetaldehyde directly inhibits O6-methylguanosyl transferase, an 
enzyme that repairs DNA adducts [ 56 ]. 

 Most importantly, however, acetaldehyde binds to DNA and forms stable adducts 
[ 49 – 55 ]. Binding to DNA represents one mechanism by which acetaldehyde could 
trigger replication errors and/or mutations in oncogenes and tumor suppressor 
genes. It has been shown that the major stable DNA adduct N2-ethyl-desoxyguanosine 
(N2-Et-dG) serves as a substrate of eukaryotic DNA polymerase. However, 
N2-Et-dG seems rather a marker for chronic ethanol consumption than a major risk 
lesion for cancer. In addition, another DNA adduct of acetaldehyde, 1,N2-propano- 
desoxyguanosine (PdG), has been identifi ed, especially in the presence of basic 
amino acids, histones, and polyamines. While N2-Et-dG is non-mutagenic and may 
represent a marker of chronic alcohol ingestion, PdG has mutagenic properties. 
These acetaldehyde-associated effects occurred at AA concentrations from 40 to 
1,000 μM. 

 Apart from genetic changes along with chronic alcoholism, i.e., mutations, DNA 
cross-links, or impaired DNA repair, chronic and acute alcohol intake may affect 
epigenetic mechanisms of gene expression such as methylation of DNA. DNA 
methylation is an important determinant in controlling gene expression whereby 
hypermethylation has a silencing effect on genes and hypomethylation may lead to 
increased gene expression. And indeed, alcohol intercepts with these epigenetic 
mechanisms [ 57 ,  58 ]. 

 Alcohol interacts with absorption, storage, biologic transformation, and excre-
tion of compounds which are essential for methyl group transfer including folate, 
vitamin B6, and certain lipotropes. Especially, the production of  S -adenosyl- L - 
METHIONINE  (SAMe), the universal methyl group donor in methylation reactions, is 
impaired. Acetaldehyde interacts with SAMe synthesis through inhibition of crucial 
enzymes involved in SAMe generation. This can lead to compromised formation of 
endogenous antioxidants such as glutathione and also lead to impaired cellular 
membrane stability. 

 In addition, alcohol interacts with methylation of certain genes and thereby con-
tributes to liver damage and tumor development. Accordingly, alcohol-induced 
depletion of lipotropes may cause hypomethylation of oncogenes leading to their 
activation. The decrease in methylation capacity caused by chronic alcohol con-
sumption can therefore contribute to epigenetic alterations of genes involved in 
hepatocarcinogenesis [ 58 ]. 

 Genetic linkage studies with alcoholics have provided strong support for the 
assumption that AA plays a central role in alcohol-associated carcinogenesis. These 
studies found that individuals who accumulate AA because they carry certain alleles 
of the genes encoding alcohol dehydrogenase (ADH) or ALDH have an increased 
cancer risk [ 59 ]. Briefl y, class I isozymes account for most of the alcohol metabolism. 
For both the ADH1B and the ADH1C genes, several alleles exist that result in dif-
ferences in the activity of the ADH molecules they encode. While polymorphisms 
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at the ADH1B gene affect drinking behavior, polymorphism at the ADH1C gene 
may affect disease risk. The effects of the different ADH1C alleles on alcohol 
metabolism and, consequently, on drinking levels and alcohol-related carcinogene-
sis, are subtle. They can best be studied in Caucasian populations in which the 
highly active ADH1B*2 allele is rare. Studies on the relationship between ADH1C 
alleles and cancer occurrence in Caucasians have led to contradictory results with 
respect to cancer of the upper alimentary tract [ 38 ] and the female breast [ 60 ]. 

 We determined ADH1C polymorphisms in more than 400 heavy drinkers with 
daily alcohol intake of more than 60 g and various cancers of the upper aerodiges-
tive tract, liver, and breast. Cases of cancer patients were compared with carefully 
matched control patients with alcohol-related diseases (e.g., cirrhosis of the liver, 
pancreatitis, and alcohol dependence) but no cancer [ 61 ]. Cancer patients and con-
trol subjects were of similar age and had similar histories of alcohol consumption 
and cigarette smoking. In this study, signifi cantly more patients with alcohol-
related cancers either had at least one ADH1C*1 allele, or were homozygous for 
ADH1C*1, than did patients with other alcohol-related diseases. Statistical analy-
ses determined a signifi cant association between ADH1C*1 allele frequency and 
rate of homozygosity and an increased risk for alcohol-related cancer ( p  = 0.001) 
including HCC. Individuals homozygous for ADH1C*1 had a relative risk of 
developing HCC of 3.6 compared with people homozygous for ADH1C*2 [ 61 ]. At 
lower levels of alcohol consumption, the difference in cancer risk between the vari-
ous gene carriers was less striking. This is not surprising, however, because higher 
levels of alcohol consumption also result in production of more AA which then can 
act on DNA. Other studies did not confi rm the effect of AA accumulation on HCC 
development [ 62 ]. 

 Acetaldehyde also accumulates when its degradation is inadequate. The main 
enzyme that breaks down acetaldehyde is ALDH2. It is encoded by the ALDH2 
gene, for which there are two main alleles, ALDH2*1 and ALDH2*2. The 
ALDH2*2 allele differs from the normal ALDH2*1 allele by an nucleotide substi-
tution (G(A) in exon 12 of the ALDH2 gene, resulting in an almost inactive ALDH 
enzyme. People who are homozygous for ALDH2*2 have an extremely low ALDH 
activity; when these people drink alcohol, acetaldehyde accumulates and the “fl ush-
ing syndrome” develops. These subjects do not tolerate alcohol at all and are, there-
fore, generally protected against developing alcoholism. Those who are heterozygous 
also have greatly reduced (i.e., less than 10 %) ALDH2 activity. Nevertheless, they 
tolerate alcohol ingestion and may even become heavy drinkers and alcoholics. 

 Several epidemiological studies have demonstrated that the risk of alcohol- 
associated cancer of the aerodigestive tract is signifi cantly elevated in people with 
low ALDH2 activity, with a relative risk of >10 for oropharyngeal, laryngeal, and 
esophageal cancer [ 62 ]. Individuals with low ALDH activity also exhibited an 
increase in acetaldehyde DNA adducts [ 63 ]. However, this was not reported for the 
liver, possibly due to the fact that cirrhosis of the liver is more important in 
 ethanol- mediated hepatocarcinogenesis than acetaldehyde, and that acetaldehyde is 
possibly not a major pathogenetic factor in the development of cirrhosis.  
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21.4.2.2     The Role of Cytochrome P4502E1 

 Most important, however, is the production of ROS via CYP2E1. It has been shown 
that alcohol induces CYP2E1 in the liver. This induction is an adaptive process and 
is associated with an increased metabolism of ethanol to acetaldehyde and also to 
ROS. The induction differs individually and is most likely due to the fact that the 
degradation of CYP2E1 by the ubiquitine proteasome pathway is inadequate since 
alcohol has an effect on this pathway [ 64 ]. A signifi cant increase in hepatic CYP2E1 
activity occurs already following the ingestion of 40 g of ethanol daily for 1 week, 
which is further enhanced after 4 weeks [ 65 ]. However, this occurs not in all 
individuals. 

 The induction of CYP2E1 occurs not only following chronic ethanol ingestion, 
but also in NAFLD (see below). The consequences of CYP2E1 induction are [ 35 ] 
(1) increased ethanol metabolism to AA, (2) Generation of ROS as a byproduct of 
ethanol metabolism, (3) interaction with the metabolism of drugs leading some-
times to enhanced drug toxicity, (4) enhanced procarcinogen activation to ultimative 
carcinogens, and (5) enhanced degradation of retinol and retinoic acid. We will 
discuss here the importance of CYP2E1 in ROS production and retinoid 
metabolism. 

   CYP2E1 and Generation of ROS and Carcinogenic DNA Adducts 

 As pointed out, ethanol metabolism through CYP2E1 not only produces acetalde-
hyde, but also, especially when induced, generates various ROS including H 2 O 2 , 
OH−, and carbon-centered OH− [ 40 ]. In animal experiments, the induction of 
CYP2E1 correlates with NAD phosphate (NADPH) oxidase activity, the generation 
of hydroxyethyl radicals, lipid peroxidation, and the severity of hepatic damage, all 
of which could be prevented by the CYP2E1 inhibitor chlormethiazole [ 66 ]. In 
addition, DNA lesions have been found to be lower in CYP2E1 knock-out mice as 
compared to wild-type mice [ 67 ] and hepatic injury was signifi cantly increased in 
transgenic mice that overexpressed CYP2E1 [ 68 ]. 

 These ROS can be neutralized by a potent antioxidative defense system. However, 
chronic alcohol consumption injures this system mostly due to acetaldehyde and 
leads among others to a signifi cant decrease of glutathione [ 37 ,  38 ]. ROS not only 
activates c-Jun N-terminal kinase (JNK) with consecutive expression of the AP-1 
gene leading to cellular hyperregeneration, a procarcinogenic state, but also causes 
lipid peroxidation [ 69 ]. Various lipid peroxidation products including 
4- hydroxynonenal may bind to various purine and pyrimidin bases forming exocy-
clic DNA adducts. It has been shown that these adducts are highly mutagenic and 
carcinogenic [ 70 – 72 ]. These adducts have been identifi ed in the liver of patients 
with ALD and other types of liver disease associated with infl ammation and oxida-
tive stress [ 73 ] as well as in the urine of patients with viral hepatitis [ 74 ]. Using 
HPLC for determination of these adducts, we found increased concentrations not 
only in patients with viral hepatitis such as hepatitis B and C, but also in patients 
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with ALD [ 74 ]. Thus, measurement of exocyclic etheno-DNA adducts in the urine 
of patients with ALD could be a predictive marker for risk assessment of HCC in 
the alcoholic. 

 In a series of experiments using CYP2E1 overexpressing HepG2 cells, we could 
show that these etheno-DNA adducts correlate signifi cantly with CYP2E1 and 
4HNE [ 75 ]. This is a time- and concentration-dependent process. Adduct formation 
could be blocked by the use of the specifi c CYP2E1 inhibitor CMZ [ 70 ]. Most exo-
cyclic etheno-DNA adducts have been observed in cells with a high expression of 
CYP2E1 and a low concentration of mitochondrial glutathione. Thus, both factors 
may play an important role in the production of this important mutagenic DNA 
adduct. Furthermore, CYP2E1, 4HNE, and etheno-DNA adducts also correlated 
signifi cantly in liver biopsy samples from patients with ALD [ 75 ]. 

 Most recently, we have investigated 97 biopsies from patients with non-cirrhotic 
ALD of various severities including pure fatty liver, steatohepatitis, and fi brosis. We 
found a signifi cant correlation between CYP2E1 and etheno DNA adducts 
( p  = 0.0001) and also between CYP2E1 and fi brosis ( p  = 0.03) (Seitz and Mueller, 
personal communication). These data show clearly that CYP2E1 is at least one driv-
ing force in the progression of ALD possibly by increasing oxidative stress. 

 In an animal model using Lieber–DeCarli alcohol-containing and control diets, 
hepatocarcinogenesis was induced by a single small dose of diethylnitrosamine 
given prior to the alcohol administration. One month of ethanol feeding resulted in 
a signifi cant increase of preneoplastic lesions in the liver associated with a signifi -
cant increase in hepatic CYP2E1, nuclear accumulation of NFκB protein, and cel-
lular regeneration which was not observed in control animals [ 9 ]. However, when 
chlormethiazole, a strong selective CYP2E1 inhibitor, was given to those animals 
who received alcohol, the nuclear accumulation of NFκB protein and the occur-
rence of hepatic PGST foci were inhibited. In addition, some of the animals devel-
oped hepatic adenoma under alcohol which were completely inhibited by the 
concomitant administration of chlormethiazole, and thus, by the inhibition of 
CYP2E1 [ 10 ]. These animal experiments contributed to the understanding of the 
underlining mechanisms of the co-carcinogenic effect of alcohol. Both the induc-
tion of CYP2E1 by chronic alcohol consumption results in oxidative stress as well 
as the depletion of retinoic acid and may be responsible for hepatocarcinogenesis.  

   CYP2E1 and Its Possible Role in NAFLD 

 CYP2E1 is also induced in the livers of patients with NAFLD possibly due to the 
inducing effect of free fatty acids and/or acetone when diabetes is present [ 76 ]. Both 
CYP2E1 and etheno-DNA adducts were also measured in leptin-defi cient, insulin- 
resistant Zucker rats which develop obesity and NASH and represent a genetic 
model for NASH. Etheno-DNA adducts were found to correlate signifi cantly with 
hepatic fat and with CYP2E1 [ 75 ]. However, more interesting was the observation 
that when alcohol was administered to these animals, CYP2E1 expression as well 
as DNA-adduct formation was further enhanced emphasizing that additional alco-
hol consumption even at moderate levels in NASH may be deleterious [ 31 ]. 
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 The negative role of ethanol was further underlined in a dietary animal model 
resembling NASH, where the addition of daily alcohol even at a level of 17 % of 
daily calories (much less than in the classic Lieber DeCarli diet with 36 % of daily 
calories) resulted in signifi cant morphological injuries associated with molecular 
changes [ 77 ]. 

 Most recently, we found in 3 out of 21 liver biopsies from children with NASH a 
massive etheno DNA adduct formation, which correlated with infl ammatory activ-
ity. Similar DNA lesions were also noted in liver biopsies from adult patients with 
NASH (Seitz and Mueller, personal communication). 

 Since it has been reported that even social alcohol consumption increases the risk 
for HCC in NASH signifi cantly [ 30 ], alcohol consumption of any type and amount 
was not recommended in NASH patients [ 31 ].  

   CYP2E1 and Retinoids 

 Retinoic acid (RA), one of the most active forms of retinoids, is an important factor 
in the regulation of cell growth, apoptosis, and cell differentiation. Thus, reduction 
of RA may lead to uncontrolled cellular proliferation, loss of cell differentiation, 
and dysregulated apoptosis, which can act to promote the process of carcinogenesis. 
It has been reported that chronic ethanol consumption results in a signifi cant deple-
tion of retinol in the liver of patients with ALD [ 78 ]. 

 The mechanism of alcohol-associated decrease in retinol and retinoic acid has 
multiple causes. Since ADH and ALDH share the common substrates ethanol and 
retinol as well as AA and retinal to form retinoic acid, an interaction at these enzyme 
sites is not surprising. It has been demonstrated that ethanol acts as a competitive 
inhibitor of retinol oxidation [ 69 ,  79 ]. Beside the fact that ethanol competes with 
retinol for the binding side of ADH, there are other mechanisms explaining the 
decrease in retinoic acid. Since chronic ethanol consumption increases CYP2E1 
activity, an enhanced catabolism of vitamin A and retinoic acid into polar metabo-
lites due to an induction of cytochrome P-450 2E1 occurs [ 80 ]. Although a variety 
of cytochrome isoenzymes such as CYP1A1, CYP2B4, CYP2C3, CYP2C7, 
CYP2E1, and CYP26 are involved in retinoic metabolism, CYP2E1 seems of major 
importance [ 80 ]. 

 It was demonstrated that rat hepatic microsomes from ethanol-fed rats when 
incubated with RA showed an enhanced degradation of RA, resulting in the genera-
tion of polar RA metabolites such as 18-OH-RA and 4-oxo-RA as compared to 
microsomes from control animals [ 81 ]. It has also been shown that this in vitro 
metabolism of RA can be inhibited by CMZ and by CYP2E1 antibodies demon-
strating the involvement of CYP2E1 in the metabolism of RA. In addition, rats 
which received ethanol chronically showed decreased levels of hepatic RA associ-
ated with an increase in CYP2E1, which were almost completely restored when 
CMZ was added to the diet [ 82 ]. The data suggest that CMZ can restore both hepatic 
retinol and retinyl ester concentrations to normal levels in ethanol-fed rats through 
blocking both enhanced degradation of vitamin A and    mobilization of vitamin A 
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from the liver into the circulation, indicating that CYP2E1 is the major enzyme 
responsible for the alcohol-enhanced catabolism of retinoids in hepatic tissue after 
exposure to alcohol. Furthermore, not only hepatic concentrations of RA normal-
ized with CMZ, but also changes seen in cell proliferation and cell cycle behavior 
observed after ethanol administration [ 83 ]. 

 Moreover, the impaired retinoid homeostasis leads to aberrant retinoid receptor 
signaling through upregulation of the JNK signaling pathways. Since ethanol- 
mediated CYP2E1 induction not only results in reduced RA levels but also in 
increased oxidative stress, both increased oxidative stress and low RA (via decreased 
mitogen-activated protein kinase phosphatase-1 (MKP-1)) result in an activation of 
the JNK pathway. Since there is cross talk between JNK pathway and RXR/RAR 
receptors, the activated JNK pathway activates AP-1 gene resulting in an increase in 
c-fos and c-jun (which are 14-fold increased in the livers of ethanol-fed rats as com-
pared to controls) [ 69 ]. The overall effect of excessive alcohol ingestion is dysregu-
lated apoptosis, cellular proliferation, immune function, and infl ammation, which 
can act to promote the process of carcinogenesis. 

 Unidentifi ed polar metabolites of CYP2E1-mediated RA metabolism observed 
when microsomes from ethanol-fed rats were incubated with RA had clear apop-
totic properties, since these metabolites resulted in a change of the hepatic mito-
chondrial membrane potential, a release of cytochrome C, and an activation of the 
caspase cascade [ 81 ]. Taking this observation into consideration, the intake of vita-
min A or β-carotene, a precursor of vitamin A together with ethanol, may lead to 
increased hepatic apoptosis and cellular injury which has been described in the 
baboon [ 84 ]. 

 In summary, CYP2E1 is primarily involved in the degradation of retinol and RA 
resulting in loss of RA and in the generation of apoptotic unidentifi ed polar metabo-
lites. Chronic ethanol consumption induces CYP2E1 with a consecutive enhance-
ment of these consequences. The loss of RA may be at least one factor in 
ethanol-mediated hepatocarcinogenesis.   

21.4.2.3    Hepatic Iron as an Important Factor in Oxidative Stress 

   Iron Toxicity and Carcinogenesis 

 Iron toxicity has been well known for many decades and usually attributed to Fenton 
chemistry, fi rst described in 1896 by Fenton and referring to the reaction of reduced 
ferrous iron with H 2 O 2  to ferric iron and hydroxyl radicals [ 85 ]. These radicals are 
highly and universally reactive to all cellular compounds, including DNA, proteins, 
lipids, and carbohydrates. They cause oxidative damage to DNA, including base 
modifi cations and DNA strand breaks, and may change the structure of proteins and 
lipids, eventually leading to mutagenesis. 

 Although the direct chemical nature of the iron toxicity in Fenton’s chemistry 
has been recently questioned by Saran et al. [ 86 ], it is generally assumed that at least 
Fenton-like reactions contribute to the toxicity of iron. For this reason, we will not 
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further differentiate both reactions in this review. In vitro studies have shown that 
liver viability decreases in the presence of high amounts of iron and that the deple-
tion of iron by iron chelators can protect cells from peroxide toxicity. Hepatic iron 
overload and the risk for liver cancer have also been extensively studied using 
in vivo experiments in the past. In patients with hereditary hemochromatosis due to 
HFE mutations, the hepatic iron overload ultimately determines the overall survival 
[ 87 ]. In a large transplant registry study, Ko et al. showed that iron alone increased 
the risk of HCC by a factor of 2.2 [ 88 ]. Turlin et al. showed in 1995 that the iron- 
associated risk of HCC was not dependent on whether the patient had cirrhosis or 
not [ 89 ]. In an interesting study from the NIH, Zacharski et al. could demonstrate 
that iron depletion by phlebotomy may have a protective effect on general carcino-
genesis [ 90 ]. He studied prospectively 641 controlled subjects without iron deple-
tion and 636 subjects in an iron reduction group. Iron reduction was achieved by 
monthly phlebotomy. Patients were followed up for an average for 4.5 years. 
Interestingly, the risk of new visceral malignancies was lower in the iron reduction 
group than controlled group (38 vs. 60), and among patients with new cancers, those 
in the iron reduction group had lower cancer-specifi c and all-cause mortality. Mean 
ferritin levels across all 6-monthly visits were lower among all patients who did not 
develop cancer. Notably, in a 1988 animal study, Hann et al. showed reduced tumor 
growth in iron-defi cient mice [ 91 ] and Tsukamoto et al. in 1995 showed in rodents 
that a mixture of high fat diet and alcohol together with supplemented iron led to 
pronounced cirrhosis [ 92 ]. In a meta analysis by D’Amico et al., it was concluded 
that liver iron is one among several independent prognostic factors of survival in 
liver cirrhosis [ 93 ]. Ganne-Carrie showed in 229 patients with ALD or hepatitis C 
virus-related cirrhosis that iron is the best parameter for predicting mortality in 
ALD patients ( p  = 0.007) followed over 57 months [ 94 ]. This study found no prog-
nostic signifi cance of hepatic iron for HCV. 

 Taken together, there seems to be enough evidence from human and animal stud-
ies to suggest that hepatic iron overload leads to hepatocellular damage. This in turn 
leads to increased fi brosis progression, risk for hepatocarcinogenesis, and ultimately 
iron seems to be an important prognostic factor for overall survival in patients with 
ALD. The most evident and generally accepted mechanisms of iron carcinogenesis 
include Fenton-like reactions that lead to the highly aggressive hydroxyl radicals.  

   Prevalence of Iron Overload in ALD 

 A signifi cant iron deposition in patients with chronic alcohol consumption has been 
appreciated for a long time [ 95 ]. Although the introduction of percutaneous needle 
biopsy of the liver in the fi fties added a new tool for exact quantitation of hepatic 
iron deposition, it further led to considerable confusion since histological stainable 
iron deposits are common in cirrhotic livers [ 96 ,  97 ]. This is especially the case in 
alcoholic subjects and some investigators have even equated mild to moderate alco-
holic cirrhosis with hemochromatosis. When analyzing the Finch data for differ-
ences between alcoholic and non-alcoholic patients, Powell noted that laboratory 
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signs of hepatocellular damage showed a signifi cant higher prevalence in the alco-
holic group (serum transaminase elevation 35.5 % vs. 15.4 %). Interestingly, most 
large studies seem to indicate that mutations in the HFE gene [ 98 ] are not respon-
sible for the iron accumulation [ 99 – 101 ] in ALD patients. Moreover, since heredi-
tary hemochromatosis shows a very weak clinical penetration of about 10 %, it still 
remains open what exact role alcohol plays in patients with hemochromatosis and 
whether it is an important but underestimated disease modifi er. 

 A signifi cantly higher mean liver iron concentration was found in alcoholics as 
compared to controls (156.4 vs. 53 μg per 100 mg dry weight) [ 102 ]. However, liver 
iron was much higher in the hemochromatosis group (2,094.5 μg). No relationship 
between liver iron concentration and the amount of alcohol consumed was noted. 
Serum ferritin concentrations seem to refl ect the iron overload in patients with 
hemochromatosis and mild ALD, while no association was found with serum fer-
ritin in patients with severe ALD. Serum ferritin is generally more frequently ele-
vated in ALD than in other liver diseases [ 103 ] and decreases after 1.5–6 weeks of 
abstaining from alcohol. In a recent study from Japan, excess iron accumulation was 
found in 22 hepatic tissues with ALDs, but not in any normal hepatic tissues [ 104 ]. 

 We have recently characterized a large cohort at the Heidelberg Salem Medical 
Centre using biopsy, but also various newer non-invasive tests including transient 
elastography [ 105 ]. From a cohort of 235 patients with ALD, of whom 86 had 
underwent liver biopsy, with detailed iron characterization regarding to intensity 
and location (macrophages vs. hepatocytes), it can be summarized that ca. 50 % of 
patients with ALD have signifi cant pathological iron deposition. Interestingly, iron 
deposits are found both at the same rate in macrophages and hepatocytes. About 2/3 
of these patients with advanced fi brosis stage have elevated ferritin levels higher 
400 μg/mL and an increased transferrin saturation higher in 45 %. This is especially 
important to consider, since ferritin levels and transferrin saturation are commonly 
used to screen patients with hereditary hemochromatosis. Taken together, patients 
with ALD show a signifi cantly increased histological iron deposition in about half 
of the population that increases with disease progression towards cirrhosis. This 
iron deposition is refl ected by serum ferritin levels, but unfortunately over-layered 
by additional infl ammatory conditions. In fact, according to our analysis, serum fer-
ritin levels refl ect hepatocyte iron deposition more closely than macrophage iron 
deposition in ALD. Moreover and often overlooked, a signifi cant proportion of 
patients show elevated levels of transferrin saturation and ferritin levels that can be 
easily mistaken for hemochromatosis.  

   Systemic Iron Homeostasis 

 Enormous progress has been made in the last two decades to better understand the 
molecular mechanisms of iron regulation and homeostasis both at the cellular and 
systemic level [ 106 – 108 ]. These milestones include the discovery of iron regulatory 
proteins (IRPs) and their posttranscriptional regulation of cellular iron homeostasis 
in the late 1980s and early 1990s as well as identifi cation of the systemic master 
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switch protein hepcidin about 10 years ago [ 109 ]. Despite this progress, numerous 
aspects of iron regulation still remain unexplained in humans. The discovery of the 
HFE gene that causes the majority of hereditary hemochromatosis forms has clearly 
helped to resolve the role of hemochromatosis in alcoholics [ 98 ]. Interestingly, most 
large studies seem to indicate that mutations in the HFE gene [ 98 ] are not respon-
sible for the iron accumulation in patients with ALD [ 99 – 101 ]. These studies thus 
seem to rule out HFE as important genetic disease modifi er. In contrast, as briefl y 
discussed above, alcohol could be an important disease modifi er in patients with 
hemochromatosis, but typically with weak clinical penetration. In addition, at the 
systemic level, ALD appears rather complex since alcohol affects not only the liver 
but also many other organ systems including the bone marrow and the immune 
system so that iron regulation obviously is altered at many different levels and loca-
tions throughout the body. 

 The majority of body iron, roughly 2 g in humans, is distributed in the oxygen 
carrier hemoglobin of red blood cells and developing erythroid cells (Fig.  21.1 ). 
Excess iron is usually stored in the liver, which normally contains about 1 g of iron, 
predominantly in the form of ferritin [ 107 ]. It is generally believed that mammals 
lose iron from regular sloughing of the mucosa and skin cells or during bleeding and 
do not possess any mechanisms for iron excretion from the body [ 106 ]. Therefore, 
the balance is maintained by the tight control of dietary iron absorption at the brush 
border of enterocytes in the proximal duodenum (Fig.  21.1 ). Dietary iron uptake 
involves the reduction of ferric iron to ferrous iron in the intestinal lumen by ferric 
reductases, such as duodenal cytochrome B (Dcytb), and subsequent transport of 
iron via the apical membrane of enterocytes by divalent metal transporters (such as 
DMT1 encoded by SCL11A2 (solute carrier family 11, member 2) gene). Cytosolic 
iron is exported by the basolateral iron transporter ferroportin (FP-1 or SLC40A1) 
from the enterocytes to the blood compartment and then bound to transferrin, the 
major abundant iron carrying protein within serum. Before binding, ferrous iron is 
oxidized by ferroxidases (e.g., hephaestin/ceruloplasmin) to the ferric form. Iron is 
then distributed within the body and used in various pathways, but mainly utilized 
in the bone marrow for the synthesis of new heme.  

 About 1–2 mg per day of iron is absorbed to keep a stable iron balance. Of note, 
iron undergoes an effi cient recycling. Senescent erythrocytes that have a life span of 
120 days are sequestered by macrophages and the iron is re-used for new heme 
synthesis. This recycling machinery accounts for about 90 % of newly synthesized 
hemoglobin. It is important to note that the iron export pump, ferroportin, is not 
only found on enterocytes, but also on macrophages and hepatocytes. The 
ferroportin- mediated effl ux of ferrous iron from enterocytes and macrophages into 
the serum is critical for systemic iron homeostasis and mainly controlled via the 
liver-secreted 25 AS peptide hormone, hepcidin. Mechanistically, hepcidin binds to 
ferroportin and promotes its phosphorylation, internalization, and lysosomal degra-
dation [ 110 ,  111 ]. Hepcidin is primarily expressed in hepatocytes as a precursor 
pro-peptide, although other locations of secretion have been described, such as mac-
rophages [ 112 ] and to a lesser extent cardiomyocytes. Hepcidin effi ciently blocks 
ferroportin, which leads to accumulation of iron within macrophages and blocks the 
iron absorption via enterocytes (Fig.  21.1 ). 
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 An important evolutionary-conserved mechanism to induce hepcidin is an 
 infection or infl ammatory state. Via cytokines, namely IL-6 but also microbial mol-
ecules (such as lipopolysaccharide), hepcidin is strongly induced leading to a rapid 
decrease of serum iron, which is thought to function as anti-bacterial defense mech-
anism. More recently, another important infl ammatory cofactor, H 2 O 2  has been also 
identifi ed as potent inducer of hepcidin. In contrast, hepcidin levels seem to be 
suppressed in patients with genetic hemochromatosis, leading to increased uptake 
of iron via the duodenum and increased release of iron through macrophages. 
Cytokine- mediated induction of hepcidin is thought to be the reason for anemia of 
chronic disease [ 113 ], while the disruption of hepcidin is generally associated with 

  Fig. 21.1    Ethanol metabolism via alcohol dehydrogenase (ADH), acetaldehyde dehydrogenase 
(ALDH), and cytochrome P-4502E1 and the effect of acetaldehyde, and reactive oxygen species 
(ROS) on carcinogenesis. Ethanol is metabolized to acetaldehyde via ADH and further metabo-
lized to acetate via ALDH. Acetaldehyde has toxic, mutagenic, and carcinogenic properties, inhib-
its DNA repair, decreases DNA methylation, binds to proteins with functional and morphologic 
alterations, and forms DNA adducts. Thus, acetaldehyde accumulation is associated with increased 
carcinogenesis as with ADH isoenzymes that reveal increased alcohol metabolizing activity (ADH 
1B*2 and ADH 1C*1). Acetaldehyde may also accumulate when ALDH activity is low as observed 
in 50 % of Asians. Both the ADH and the ALDH reactions result in the generation of NADH 
leading to an altered redox state of the hepatocyte associated with epigenetic changes. Ethanol is 
also metabolized via cytochrome P2E1 (CYP2E1) to ROS which leads to lipid peroxidation and 
lipid peroxidation products such as 4-hydroxynonenal (4-HNE) bind to DNA resulting in highly 
carcinogenic DNA adducts. There is an interaction with acetaldehyde since acetaldehyde inhibits 
the antioxidant defense system (AODS) resulting in a further increase of ROS. Finally, alcohol- 
induced CYP2E1 may also activate procarcinogens to carcinogens such as nitrosamines and can 
transform retinoic acid to inactive metabolites, and/or to reactive polar metabolites which cause 
liver cell apoptosis. Retinoic acid depletion can promote cell proliferation and, thus, carcinogen-
esis. For more details see text       
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the systemic iron overload (e.g., genetic hemochromatosis). Despite the progress 
and the discovery of various upstream regulators of hepcidin (such as C/EBPα, 
BMP6, SMAD 1, 5, 8 and 4, TMPRSS6, IL-6, CREBH, CHOP, and TLR4), an 
overall and conclusive understanding of the regulatory network with respect to the 
control of iron is not yet completely understood. In addition, confl icting fi ndings of 
the response of hepcidin towards ROS have been presented for which we recently 
identifi ed a partial explanation [ 114 ]. Thus, the central ROS, H 2 O 2  induces hepcidin 
in hepatocytes independent of IL-6 when exposed in continuous manner. Bolus 
treatments, however, which refl ect an artifi cially high H 2 O 2  exposure, blocked hep-
cidin expression [ 115 ]. They are even toxic at H 2 O 2  concentrations higher than 
50 μmol and hepcidin suppression at such conditions was due to unspecifi c inhibi-
tion of the mRNA transcription machinery [ 115 ].  

   Cellular Iron Regulation 

 Iron is also tightly regulated at the cellular level. Developing erythrocytes, as well 
as most other cell types, require iron from plasma transferrin. Iron is loaded onto 
transferrin with a capacity of two atoms of ferric iron per molecule. Transferrin 
binds with a very high affi nity to cell surface transferrin receptor 1 (TfR1) ubiqui-
tously expressed. The TF-TfR1 complex is endocytosed via clathrin-coated pits. 
The release of ferrous iron into the intracellular compartment requires acidifi cation 
of the endosome using a proton pump and the reduction of ferric iron to the ferrous 
form via Steap3. DMT1 transports the ferrous iron across the endosomal membrane 
into the cytosol where it can be stored in ferritin complexes in non-erythroid cells or 
incorporated into hemoglobin in erythroid cells [ 116 ]. Iron is then either re-used for 
various synthesis pathways such as intracellular heme synthesis and iron cluster 
protein synthesis or transported into the major iron storage protein ferritin. 

 The expressions of DMT1 and ferritin are coordinately post-transcriptionally 
regulated by binding of trans-acting iron responsive proteins (IRP1 and IRP2) to 
iron responsive elements (IREs) in the untranslated regions (UTRs) of their respec-
tive mRNAs [ 117 – 119 ]. In iron-starved cells, IRPs bind with high affi nity to cog-
nate. IREs are evolutionary conserved hairpin structures of about 30 nucleotides 
with characteristic sequences. The effect of IRP binding to IREs is dependent on 
their position. TfR1 mRNA contains fi ve IREs within its long 3′ UTR that stabilizes 
and protects the transcript from degradation leading to protein upregulation, but 
other mRNAs, for example, mRNAs encoding H and L ferritin, contain a single IRE 
in their 5′ UTRs where binding results in decreased protein translation by steric 
blockade. As a result, increased TfR1 levels stimulated acquisition of iron from 
plasma transferrin to counteract iron defi ciency. The inhibition of ferritin synthesis 
leads to decreased abundance of this protein as iron storage becomes obsolete under 
these conditions. Conversely, in cells with high iron content, both IRP1 and IRP2 
become unavailable for IRE-binding lowering TfR1mRNA degradation and ferritin 
mRNA translation. Thus, when iron supply exceeds cellular means, the IRE-IRP 
switch minimizes further iron uptake via TfR1 and favors the storage of excess iron 
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in newly synthesized ferritin. Other IREs have been discovered in the genes of 
ALAS2, mitochondrial aconitase, ferroportin, HIF2α, βAPP, and α-synuclein, 
which in turn control iron storage and erythroid iron utilization, energy homeosta-
sis, hypoxia responses, and neurological pathways, respectively. 

 Both IRP1 and IRP2 are sensitive to ROS and RNS (reactive nitrogen species) 
(reviewed in [ 120 ,  121 ]). This is evident through the redox regulation of IRP1 
through its iron sulfur cluster (ISC). Exposure of cells to micromolar concentrations 
of ROS and RNS (especially NO) also leads to the destabilization of the IRP1-ISC 
complex with subsequent induction of IRE-binding activity via an incompletely 
characterized mechanism. This response can be antagonized by MPO-derived hypo-
chlorite [ 122 ]. In vitro studies showed that ROS and RNS remove iron of the ISC 
and convert it to a non-functional cluster. IRP also responds to NO, which likewise 
induces IRE-binding at the expense of its aconitase activity [ 123 ]. However, ROS 
and RNS may also modify potential cluster destabilizing factors rather than the 
IRP1-ISC complex itself. Furthermore, some discrepancies are found in the litera-
ture about the regulation of IRP2 and NO. NO may either positively or negatively 
regulate IRP2, which could be explained by differential effects of the numerous NO 
species. Taken together, the redox regulation of IRE-IRP directly links the iron 
metabolism to infl ammatory processes, hypoxia, and oxidative stress.  

   Hepatic Causes of Iron Overload in ALD 

 The complete picture of the molecular changes in iron metabolism during chronic 
alcohol consumption is not yet completely understood (Fig.  21.2 ). There are various 
studies that focused on the central systemic master switch hepcidin. Both acute and 
chronic alcohol exposure seem to suppress hepcidin expression in the liver and in 
sera from patients with ALD and also pro-hepcidin levels are reduced. Ohtake and 
coworkers demonstrated that serum hepcidin is decreased in patients with ALD 
[ 124 ]. Most notably, Harrison-Findik et al. showed in their elegant study using an 
alcohol mouse model that the expression of hepatic hepcidin is rapidly suppressed 
upon exposure to alcohol [ 125 ]. 4-methylpyrazole, a competitive inhibitor of 
alcohol- metabolizing enzymes (e.g., ADHs), abolished this effect. However, etha-
nol did not alter the expression of TfR1 and ferritin or the activation of iron regula-
tory mRNA-binding proteins IRP1 and IRP2. Mice maintained on 10–20 % ethanol 
for 7 days displayed a downregulation of liver hepcidin without changes in liver 
triglycerides or histology. This was accompanied by elevated DMT1 and ferroportin 
expression in the duodenum [ 125 ]. Ethanol downregulated hepcidin promotor activ-
ity and the DNA binding activity of the CCAT/NH-binding protein α (C/EBPα) but 
not β [ 126 ]. The same author showed later that the effect of alcohol and hepcidin 
was independent of Kupffer cell activation and TNFα signaling [ 127 ]. Conversely, 
there are observational studies showing that the hepatic expression of TfR1 is 
increased under conditions of alcohol consumption. In 2002, Suzuki et al. showed 
that TfR1 is increased in patients with ALD and that abstinence from drinking 
decreased TfR1 [ 104 ]. Furthermore, ethanol increased transferrin bound iron uptake 
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into hepatocytes, possibly due to ethanol-induced TfR1 expression, and partly 
mediated by activation of IRP1 [ 128 ,  129 ]. TfR1 upregulation may be directly 
related to translational effects of ROS and not due to IRP1 [ 130 ].  

 Notably, we could not fi nd differences in the expression of various iron-related 
mRNAs in a preliminary microarray study comparing iron overload and normal 
ALD patients (Mueller et al., unpublished). We also noted a high variability in the 
expression of these mRNAs, implicating some caution in the interpretation of liver 
samples from ALD patients. It seems that ALD lesions are quite heterogeneously 
scattered throughout the liver. Therefore, it remains an open question whether the 
effects observed in an acute alcohol-exposure model in rodents are directly related 
to alcohol and hepcidin. Additional indirect conditions on the perfusion of the 
splanchnic system could also be involved. Two recent publications have tried to 
further elucidate the mechanisms of alcohol-mediated hepcidin expression [ 115 , 
 131 ]. Both studies showed that bolus H 2 O 2  treatments, a major ROS insult, could 
drastically suppress hepcidin expression. However, we recently found that this 
effect is rather due to the artifi cial exposure to high H 2 O 2  levels (>50 μM) than per-
oxide itself [ 114 ]. If H 2 O 2  is released continuously at low concentrations (between 
0.3 and 6 μM) to hepatoma and primary liver cells, as they are typically released by 

  Fig. 21.2    Systemic iron homeostasis and utilization in the body.  Black circles  indicate potential 
target sites of iron regulation affected by chronic or acute alcohol consumption. Dietary iron is 
absorbed in the duodenum and bound to transferrin. Iron is then mainly delivered to the bone mar-
row for erythropoiesis, while senescent erythrocytes are phagocytosed by macrophages. This effi -
cient mechanism recycles >90 % of all iron for new heme synthesis. Excess iron is stored in 
hepatic ferritin or temporarily in macrophage ferritin. Regulation of iron metabolism by hepcidin 
and upstream factors are also shown (modifi ed after [ 132 ]).  FRP  ferroportin,  HFE  gene that is 
mutated in hereditary hemochromatosis   ,  LPS  lipopolysaccharide,  IL-6  Interleukine 6,  BMP  bone 
morphogenetic protein,  TNF-α  tumor necrosis factor α       
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infl ammatory cells or during cellular metabolism, a strong hepcidin upregulation 
rather than suppression was observed. H 2 O 2  synergistically stimulates hepcidin pro-
moter activity in combination with recombinant IL-6 or BMP-6 in a manner that 
requires the functional STAT3 responsive element. The H 2 O 2 -mediated hepcidin 
induction requires STAT3 phosphorylation and is effectively blocked by siRNA- 
mediated STAT3 silencing, overexpression of SOCS3 (suppressor of cytokine sig-
naling 3), and antioxidants such as  N -acetylcysteine [ 114 ]. 

 In summary, numerous rodent and human studies suggest the involvement of 
key iron molecules in the iron overload of ALD patients. These molecules may 
include hepcidin, TfR1, IRP1, and ROS. However, no defi nite conclusions can be 
made due to methodological challenges and complex interactions among these 
molecules    (Fig.  21.3 ).   

   Therapy of ALD in the Context of Iron Overload 

 Based on our preliminary knowledge of underlying mechanisms of iron distur-
bances in patients with ALD, no treatment options are readily available. The idea of 
iron depletion by phlebotomy has been controversially discussed in patients with 
HCV that equally develop iron overload; however, phlebotomy is highly propagated 
in certain countries, such as Japan. There has been one trial initiated in France in 
2012 and titled, “phlebotomy in risk of hepatocellular carcinoma in patients with 
compensated alcoholic cirrhosis” (Tirrox). Unfortunately, this study has stopped 
recruiting patients due to delayed recruitment compared to that anticipated (Ref: 
ClinicalTrials.gov NCT01342705). For the moment, it can be regularly perceived 
that iron overload is an important factor in the progression of ALD, also in combina-
tion with other liver diseases, such as HCV. It is an important challenge for the 

  Fig. 21.3    Present understanding of systemic and cellular changes of iron homeostasis in ALD 
ultimately leading to cancer (modifi ed after [ 132 ]).  IRP1  iron regulatory protein 1,  TfR1  transferrin 
receptor 1,  RES  reticulo endothelial system       

 

21 The Role of Oxidative Stress in Hepatocarcinogenesis



498

future to clearly identify the underlying molecular mechanisms and to develop 
novel targeted therapeutic strategies and to improve the early detection of hepatic 
iron overload in ALD (e.g., measurement of liver iron by susceptometry or hepcidin- 
ELISA for diagnostic purposes). Future studies will continue with the goal of pre-
venting fi brosis progression and to prevent HCC development, thereby improving 
overall survival by targeted therapeutic approaches that may include a pharmaco-
logical intervention leading to stimulation of hepcidin.        

   References 

     1.    Bosch FX, Ribes J, Diaz M, Cleries R (2004) Primary liver cancer: worldwide incidence and 
trends. Gastroenterology 127:S5–S16  

     2.    Rehm J, Room R, Monteiro R et al (2004) Global and regional burden of disease attributable 
to selected major risk factors. In: Ezatti M, Murray C, Lopez AD, Rodgers A, Murray C (eds) 
Comparative quantifi cation of health risks. World Health Organization, Geneva  

     3.    Rehm J, Klotsche J, Patra J (2007) Comparative quantifi cation of alcohol exposure as risk 
factor for global burden of disease. Int J Methods Psychiatr Res 16:66–76  

     4.    Baan R, Straif K, Grosse Y et al (2007) Carcinogenicity of alcoholic beverages. Lancet Oncol 
8:292–293  

      5.    Seitz HK, Stickel F (2007) Molecular mechanisms of alcohol-mediated carcinogenesis. Nat 
Rev Cancer 7:599–612  

      6.    Zakhari S, Vasiliou V, Guo M (2011) Alcohol and cancer. Springer, New York  
    7.    Beland FA, Benson RW, Mellick PW et al (2005) Effect of ethanol on the tumorigenicity of 

urethane (ethyl carbamate) in B6C3F1 mice. Food Chem Toxicol 43:1–19  
      8.   IARC (2007) IARC monographs on the evaluation of carcinogenic risks to humans. In: 

Alcohol consumption and ethyl carbamate, vol 96. IARC, Lyon  
     9.    Chavez PR, Lian F, Chung J et al (2011) Long-term ethanol consumption promotes hepatic 

tumorigenesis but impairs normal hepatocyte proliferation in rats. J Nutr 141:1049–1055  
       10.    Ye Q, Lian F, Chavez PR et al (2012) Cytochrome P450 2E1 inhibition prevents hepatic 

carcinogenesis induced by diethylnitrosamine in alcohol-fed rats. Hepatobiliary Surg Nutr 
1:5–18  

    11.    Tsuchishima M, George J, Shiroeda H et al (2013) Chronic ingestion of ethanol induces 
hepatocellular carcinoma in mice without additional hepatic insult. Dig Dis Sci 
58:1923–1933  

    12.    De Lima VM, Oliveira CP, Alves VA et al (2008) A rodent model of NASH with cirrhosis, 
oval cell proliferation and hepatocellular carcinoma. J Hepatol 49:1055–1061  

    13.    Nakanuma Y, Ohta G (1985) Is mallory body formation a preneoplastic change? A study of 
181 cases of liver bearing hepatocellular carcinoma and 82 cases of cirrhosis. Cancer 
55:2400–2405  

    14.    Smith P, Tee LBG, Yeoh GCT (1996) Appearance of oval cells in the liver of rats after long- 
term exposure to ethanol. Hepatology 23:145–154  

    15.    Seitz HK, Mueller S (2010) Alcoholic liver disease. In: Dancygier H (ed) Clinical hepatology. 
Principle and practice of hepatobiliary diseases, vol 2. Springer, Heidelberg, pp 1111–1151  

    16.    El-Serag HB (2004) Hepatocellular carcinoma: recent trends in the United States. 
Gastroenterology 127:S27–S34  

    17.    El-Serag HB, Rudolph KL (2011) Hepatocellular carcinoma: epidemiology and molecular 
carcinogenesis. Gastroenterology 132:2557–2576  

    18.   WHO. Mortality database.   http://www.who.int/whosis/en      

H.K. Seitz and S. Mueller

http://www.who.int/whosis/en


499

    19.    Rehm J, Samokhvalov AV, Shield KD (2013) Global burden of alcoholic liver disease. J Hepatol 
59:160–168  

       20.    Morgan TR, Mandayam S, Jamal MM (2004) Alcohol and hepatocellular cancer. 
Gastroenterology 127:S87–S97  

    21.    Hassan MM, Hwang LY, Hatten CJ et al (2002) Risk factors for hepatocellular carcinoma: 
synergism of alcohol with viral hepatitis and diabetes mellitus. Hepatology 36:1206–1213  

    22.    Tagger A, Donato F, Ribero ML et al (1999) Case control study on hepatitis C virus (HCV) 
as a risk factor for hepatocellular carcinoma: the role of HCV genotypes and the synergism 
with hepatitis B virus and alcohol. Int J Cancer 81:695–699  

    23.    DeBac C, Stroffolini T, Gaeta GB et al (1994) Pathogenetic factors in cirrhosis with and 
without hepatocellular carcinoma: a multicentre Italian study. Hepatology 20:1225–1230  

     24.    Fattovich G, Stroffolini T, Zagni I, Donato F (2004) Hepatocellular carcinoma in cirrhosis: 
incidence and risk factors. Gastroenterology 127(5 Suppl 1):S35–S50  

    25.    Nzeako UC, Goodman ZD, Ishak KG (1996) Hepatocellular carcinoma in cirrhotic and non-
cirrhotic livers. A clinico-histopathologic study of 804 North American patients. Am J Clin 
Pathol 105:65–75  

    26.    Chiesa R, Donato F, Tagger A et al (2000) Etiology of hepatocellular carcinoma in Italian 
patients with and without cirrhosis. Cancer Epidemiol Biomarkers Prev 9:213–216  

     27.    Ohnishi K, Iida S, Iwama S et al (1982) The effect of chronic habitual alcohol intake on the 
development of liver cirrhosis and hepatocellular carcinoma: relation to hepatitis B surface 
antigen carriage. Cancer 49:672–677  

      28.    Mueller S, Millonig G, Seitz HK (2009) Alcoholic liver disease and hepatitis C: a frequently 
underestimated combination. World J Gastroenterol 15:3462–3471  

     29.    Kowdley KV (2004) Iron, hemochromatosis, and hepatocellular carcinoma. Gastroenterology 
127:S79–S86  

      30.    Ascha MS, Hanouneh IA, Lopez R et al (2010) The incidence and risk factors of hepatocel-
lular carcinoma in patients with nonalcoholic steatohepatitis. Hepatology 51:1972–1978  

      31.    ElSerag HB, Tran T, Everhart JE (2004) Diabetes increases the risk of chronic liver disease 
and hepatocellular cancer. Gastroenterology 126:460–468  

    32.    Liangpusakul S, Chalasani N (2012) What should we recommend to our patients with 
NAFLD regarding alcohol use? Am J Gastroenterol 107:976–978  

    33.    Donato F, Tagger A, Gelatti U et al (2002) Alcohol and hepatocellular carcinoma: the effect 
of lifetime intake and hepatitis virus infections in men and women. Am J Epidemiol 
155:323–331  

    34.    Seitz HK, Stickel F (2013) Ethanol and hepatocarcinogenesis. In: Watson RR, Preedy VR, 
Zibadi S (eds) Alcohol, nutrition, and health consequences. Springer, New York, 
pp 411–427  

    35.    Seitz HK, Wang XD (2013) The role of cytochrome P-4502E1 in ethanol-mediated 
 carcinogenesis. In: Dey A (ed) Cytochrome P4502E1: its role in disease and drug metabo-
lism, vol 67, Subcellular biochemistry. Springer, New York, pp 131–144  

    36.    Seitz HK, Mueller S (2011) Ethanol metabolism and its consequences. In: Anzenbacher P, 
Zanger U (eds) Metabolism of drugs and xenobiotics. Wiley, Weinheim  

     37.    Seitz HK, Stickel F (2006) Risk factors and mechanisms of hepatocarcinogenesis with spe-
cial emphasis on alcohol and oxidative stress. Biol Chem 387:349–360  

          38.    Seitz HK, Stickel F (2009) Acetaldehyde as an underestimated risk factor for cancer develop-
ment: role of genetics in ethanol metabolism. Genes Nutr 5:121–128  

    39.    Mueller S, Millonig G, Seitz HK, Waite GN (2012) Chemiluminescence detection of hydro-
gen peroxide. In: Pantopoulos K, Schipper H (eds) Principles of free radical biomedicine. 
Nova Publishers, New York, pp 283–302  

     40.    Albano E (2002) Free radical mechanisms in immune reactions associated with alcoholic 
liver disease. Free Radic Biol Med 32:110–114  

    41.    Bailey SM, Cunningham CC (2002) Contribution of mitochondria to oxidative stress associ-
ated with alcoholic liver disease. Free Radic Biol Med 32:11–16  

21 The Role of Oxidative Stress in Hepatocarcinogenesis



500

    42.    Garcia-Ruiz C, Colell A, Paris R, Fernandez-Checa JC (2000) Direct interaction of GD3 
ganglioside with mitochondria generates reactive oxygen species followed by mitochondrial 
permeability transition, cytochrome c release, and caspase activation. FASEB J 14:847–858  

    43.    Bautista AP (2002) Neutrophilic infi ltration in alcoholic hepatitis. Alcohol 27:17–21  
    44.    Chamulitrat W, Spitzer JJ (1996) Nitric oxide and liver injury in alcohol-fed rats after lipo-

polysaccharide administration. Alcohol Clin Exp Res 20:1065–1070  
    45.    Obe G, Jonas R, Schmidt S (1986) Metabolism of ethanol in vitro produces a compound 

which induces sister-chromatid exchanges in human peripheral lymphocytes in vitro: acetal-
dehyde not ethanol is mutagenic. Mutat Res 174:47–51  

   46.    Helander A, Lindahl-Kiessling K (1991) Increased frequency of acetaldehyde-induced sister- 
chromatid exchanges in human lymphocytes treated with an aldehyde dehydrogenase inhibi-
tor. Mutat Res 264:103–107  

   47.    Maffei F, Fimognari C, Castelli E et al (2000) Increased cytogenetic damage detected by 
FISH analysis on micronuclei in peripheral lymphocytes from alcoholics. Mutagenesis 
15:517–523  

    48.    Matsuda T, Kawanishi M, Yagi T et al (1998) Specifi c tandem GG to TT base substitutions 
induced by acetaldehyde are due to intra-strand crosslinks between adjacent guanine bases. 
Nucleic Acids Res 26:1769–1774  

     49.    Theruvathu JA, Jaruga P, Nath RG et al (2005) Polyamines stimulate the formation of muta-
genic 1, N2-propanodeoxyguanosine adducts from acetaldehyde. Nucleic Acids Res 
33:3513–3520  

   50.    Fang JL, Vaca CE (1995) Development of a 32P-postlabelling method for the analysis of 
adducts arising through the reaction of acetaldehyde with 2′-deoxyguanosine-3′-
monophosphate and DNA. Carcinogenesis 16:2177–2185  

   51.    Fang JL, Vaca CE (1997) Detection of DNA adducts of acetaldehyde in peripheral white 
blood cells of alcohol abusers. Carcinogenesis 18:627–632  

   52.    Matsuda T, Matsumoto A, Uchida M et al (2007) Increased formation of hepatic 
N2-ethylidene-2'-deoxyguanosine DNA adducts in aldehyde dehydrogenase 2-knockout 
mice treated with ethanol. Carcinogenesis 28:2363–2366  

   53.    Wang M, Yu N, Chen L et al (2006) Identifi cation of an acetaldehyde adduct in human liver 
DNA and quantitation as N2-ethyldeoxyguanosine. Chem Res Toxicol 19:319–324  

   54.    Wang M, McIntee EJ, Cheng G et al (2000) Identifi cation of DNA adducts of acetaldehyde. 
Chem Res Toxicol 13:1149–1157  

     55.    Stein S, Lao Y, Yang IY et al (2006) Genotoxicity of acetaldehyde- and crotonaldehyde- 
induced 1, N2-propanodeoxyguanosine DNA adducts in human cells. Mutat Res 608:1–7  

    56.    Garro AJ, Espina N, Farinati F, Salvagnini M (1986) The effects of chronic ethanol consump-
tion on carcinogen metabolism and on O6-methylguanine transferase-mediated repair of 
alkylated DNA. Alcohol Clin Exp Res 10:73S–77S  

    57.    French SW (2013) Epigenetic events in liver cancer resulting from alcoholic liver disease. 
Alcohol Res 35:57–68  

     58.    Stickel F, Herold C, Seitz HK, Schuppan D (2006) Alcohol and methyl transfer: implication 
for alcohol related hepatocarcinogenesis. In: Ali S, Friedman SL, Mann DA (eds) Liver dis-
ease: biochemical mechanisms and new therapeutic insights. Science Publisher, Enfi eld, 
pp 45–58  

    59.    Seitz HK, Becker P (2007) Alcohol metabolism and cancer risk. Alcohol Res Health 
30:38–47  

    60.    Seitz HK (2012) Alcohol and breast cancer. Breast 21:426–427  
     61.    Homann N, Stickel F, Konig IR et al (2006) Alcohol dehydrogenase 1C*1 allele is a genetic 

marker for alcohol-associated cancer in heavy drinkers. Int J Cancer 118:1998–2002  
     62.    Yokoyama A, Muramatsu T, Ohmori T et al (1998) Alcohol-related cancers and aldehyde 

dehydrogenase-2 in Japanese alcoholics. Carcinogenesis 19:1383–1387  
    63.    Matsuda T, Yabushita H, Kanaly RA et al (2006) Increased DNA damage in ALDH2-defi cient 

alcoholics. Chem Res Toxicol 19:1374–1378  

H.K. Seitz and S. Mueller



501

    64.    French SM (2013) The importance of CYP2E1 in the pathogenesis of alcoholic liver disease 
and drug toxicity and the role of the proteasome. In: Dey A (ed) Cytochrome P4502E1: its 
role in disease and drug metabolism. Springer, New York, pp 131–144  

    65.    Oneta CM, Lieber CS, Li J et al (2002) Dynamics of cytochrome P4502E1 activity in man: 
induction by ethanol and disappearance during withdrawal phase. J Hepatol 36:47–52  

    66.    Gouillon Z, Lucas D, Li J et al (2000) Inhibition of ethanol-induced liver disease in the intra-
gastric feeding rat model by chlormethiazole. Proc Soc Exp Biol Med 224:302–308  

    67.    Bradford BU, Kono H, Isayama F et al (2005) Cytochrome P450 CYP2E1, but not nicotin-
amide adenine dinucleotide phosphate oxidase, is required for ethanol-induced oxidative 
DNA damage in rodent liver. Hepatology 41:336–344  

    68.    Morgan K, French SW, Morgan TR (2002) Production of a cytochrome P450 2E1 transgenic 
mouse and initial evaluation of alcoholic liver damage. Hepatology 36:122–134  

      69.    Wang XD, Seitz HK (2004) Alcohol and retinoid interaction. In: Watson RR, Preedy VR 
(eds) Nutrition and alcohol: linking nutrient interactions and dietary intake. CRC, Boca 
Raton, pp 313–321  

     70.    El Ghissassi F, Barbin A, Bartsch H (1998) Metabolic activation of vinyl chloride by rat liver 
microsomes: low-dose kinetics and involvement of cytochrome P450 2E1. Biochem 
Pharmacol 55:1445–1452  

   71.    Pandya GA, Moriya M (1996) 1, N6-ethenodeoxyadenosine, a DNA adduct highly muta-
genic in mammalian cells. Biochemistry 35:11487–11492  

    72.    Levine RL, Yang IY, Hossain M et al (2000) Mutagenesis induced by a single 1, 
N6-ethenodeoxyadenosine adduct in human cells. Cancer Res 60:4098–4104  

    73.    Frank A, Seitz HK, Bartsch H et al (2004) Immunohistochemical detection of 1, 
N6-ethenodeoxyadenosine in nuclei of human liver affected by diseases predisposing to 
hepato- carcinogenesis. Carcinogenesis 25:1027–1031  

     74.    Nair J, Srivatanakul P, Haas C et al (2010) High urinary excretion of lipid peroxidation- 
derived DNA damage in patients with cancer-prone liver diseases. Mutat Res 683:23–28  

      75.    Wang Y, Millonig G, Nair J et al (2009) Ethanol-induced cytochrome P4502E1 causes carci-
nogenic etheno-DNA lesions in alcoholic liver disease. Hepatology 50:453–461  

    76.    Lieber CS (2004) CYP2E1: from ASH to NASH. Hepatol Res 28:1–11  
    77.    Wang Y, Seitz H, Wang X (2010) Moderate alcohol consumption aggravates high-fat diet 

induced steatohepatitis in rats. Alcohol Clin Exp Res 34:567–573  
    78.    Leo MA, Lieber CS (1982) Hepatic vitamin A depletion in alcoholic liver injury. N Engl J 

Med 307:597–601  
    79.    Wang XD, Liu C, Chung J et al (1998) Chronic alcohol intake reduces retinoic acid concen-

tration and enhances AP-1 (c-Jun and c-Fos) expression in rat liver. Hepatology 28:744–750  
     80.    Liu C, Russell RM, Seitz HK, Wang XD (2001) Ethanol enhances retinoic acid metabolism 

into polar metabolites in rat liver via induction of cytochrome P4502E1. Gastroenterology 
120:179–189  

     81.    Dan Z, Popov Y, Patsenker E et al (2005) Hepatotoxicity of alcohol-induced polar retinol 
metabolites involves apoptosis via loss of mitochondrial membrane potential. FASEB J 
19:845–847  

    82.    Liu C, Chung J, Seitz HK et al (2002) Chlormethiazole treatment prevents reduced hepatic 
vitamin A levels in ethanol-fed rats. Alcohol Clin Exp Res 26:1703–1709  

    83.    Chung J, Liu C, Smith DE et al (2001) Restoration of retinoic acid concentration suppresses 
ethanol-enhanced c-Jun expression and hepatocyte proliferation in rat liver. Carcinogenesis 
22:1213–1219  

    84.    Leo MA, Kim C, Lowe N, Lieber CS (1992) Interaction of ethanol with beta-carotene: 
delayed blood clearance and enhanced hepatotoxicity. Hepatology 15:883–891  

    85.    Fenton HJ (1894) Oxidation of tartaric acid in presence of iron. J Chem Soc 65:899–910  
    86.    Saran M, Michel C, Stettmaier K, Bors W (2000) Arguments against the signifi cance of the 

Fenton reaction contributing to signal pathways under in vivo conditions. Free Radic Res 
33:567–579  

21 The Role of Oxidative Stress in Hepatocarcinogenesis



502

    87.    Niederau C, Fischer R, Purschel A et al (1996) Long-term survival in patients with hereditary 
hemochromatosis. Gastroenterology 110:1107–1119  

    88.    Ko C, Siddaiah N, Berger J et al (2007) Prevalence of hepatic iron overload and association 
with hepatocellular cancer in end-stage liver disease: results from the National 
Hemochromatosis Transplant Registry. Liver Int 27:1394–1401  

    89.    Turlin B, Juguet F, Moirand R et al (1995) Increased liver iron stores in patients with hepato-
cellular carcinoma developed on a noncirrhotic liver. Hepatology 22:446–450  

    90.    Zacharski LR, Chow BK, Howes PS et al (2008) Decreased cancer risk after iron reduction 
in patients with peripheral arterial disease: results from a randomized trial. J Natl Cancer Inst 
100:996–1002  

    91.    Hann HW, Stahlhut MW, Blumberg BS (1988) Iron nutrition and tumor growth: decreased 
tumor growth in iron-defi cient mice. Cancer Res 48:4168–4170  

    92.    Tsukamoto H, Horne W, Kamimura S et al (1995) Experimental liver cirrhosis induced by 
alcohol and iron. J Clin Invest 96:620–630  

    93.    D’Amico G, Garcia-Tsao G, Pagliaro L (2006) Natural history and prognostic indicators of 
survival in cirrhosis: a systematic review of 118 studies. J Hepatol 44:217–231  

    94.    Ganne-Carrie N, Christidis C, Chastang C et al (2000) Liver iron is predictive of death in 
alcoholic cirrhosis: a multivariate study of 229 consecutive patients with alcoholic and/or 
hepatitis C virus cirrhosis: a prospective follow up study. Gut 46:277–282  

    95.    Powell LW (1975) The role of alcoholism in hepatic storage disease. In: Seixas FA, Williams 
K, Seggleston S (eds) Medical consequences of alcoholism. New York Academy of Sciences, 
New York, pp 124–134  

    96.    Bell ET (1955) The relation of portal cirrhosis to hemochromatosis and to diabetes mellitus. 
Diabetes 4:435–446  

    97.    Conrad ME Jr, Berman A, Crosby WH (1962) Iron kinetics in Laennec’s cirrhosis. 
Gastroenterology 43:385–390  

      98.    Feder JN, Gnirke A, Thomas W et al (1996) A novel MHC class I-like gene is mutated in 
patients with hereditary haemochromatosis. Nat Genet 13:399–408  

     99.    Pascoe A, Kerlin P, Steadman C et al (1999) Spur cell anaemia and hepatic iron stores in 
patients with alcoholic liver disease undergoing orthotopic liver transplantation. Gut 
45:301–305  

   100.    Sohda T, Takeyama Y, Irie M et al (1999) Putative hemochromatosis gene mutations and 
alcoholic liver disease with iron overload in Japan. Alcohol Clin Exp Res 23:21S–23S  

     101.    Dostalikova-Cimburova M, Kratka K, Stransky J et al (2012) Iron overload and HFE gene 
mutations in Czech patients with chronic liver diseases. Dis Markers 32:65–72  

    102.    Chapman RW, Morgan MY, Laulicht M et al (1982) Hepatic iron stores and markers of iron 
overload in alcoholics and patients with idiopathic hemochromatosis. Dig Dis Sci 
27:909–916  

    103.    Bell H, Skinningsrud A, Raknerud N, Try K (1994) Serum ferritin and transferrin saturation 
in patients with chronic alcoholic and non-alcoholic liver diseases. J Intern Med 
236:315–322  

     104.    Suzuki Y, Saito H, Suzuki M, Hosoki Y, Sakurai S, Fujimoto Y, Kohgo Y (2002) Up-regulation 
of transferrin receptor expression in hepatocytes by habitual alcohol drinking is implicated in 
hepatic iron overload in alcoholic liver disease. Alcohol Clin Exp Res 26:26S–31S  

    105.    Mueller S (2013) Non-invasive assessment of patients with alcoholic liver disease. Clin Liver 
Dis 2:68–71  

     106.    Wang J, Pantopoulos K (2011) Regulation of cellular iron metabolism. Biochem J 
434:365–381  

    107.    Andrews NC (1999) Disorders of iron metabolism. N Engl J Med 341:1986–1995  
    108.    Ganz T (2007) Molecular control of iron transport. J Am Soc Nephrol 18:394–400  
    109.    Nicolas G, Bennoun M, Devaux I et al (2001) Lack of hepcidin gene expression and severe 

tissue iron overload in upstream stimulatory factor 2 (USF2) knockout mice. Proc Natl Acad 
Sci U S A 98:8780–8785  

H.K. Seitz and S. Mueller



503

    110.    Nemeth E, Ganz T (2009) The role of hepcidin in iron metabolism. Acta Haematol 
122:78–86  

    111.    Hentze MW, Muckenthaler MU, Galy B, Camaschella C (2010) Two to tango: regulation of 
Mammalian iron metabolism. Cell 142:24–38  

    112.    Sow FB, Florence WC, Satoskar AR et al (2007) Expression and localization of hepcidin in 
macrophages: a role in host defense against tuberculosis. J Leukoc Biol 82:934–945  

    113.    Weiss G, Goodnough LT (2005) Anemia of chronic disease. N Engl J Med 352:1011–1023  
      114.    Millonig G, Ganzleben I, Peccerella T et al (2012) Sustained submicromolar H2O2 levels 

induce hepcidin via signal transducer and activator of transcription 3 (STAT3). J Biol Chem 
287:37472–37482  

      115.    Miura K, Taura K, Kodama Y, Schnabl B, Brenner DA (2008) Hepatitis C virus-induced 
oxidative stress suppresses hepcidin expression through increased histone deacetylase activ-
ity. Hepatology 48:1420–1429  

    116.    Richardson DR, Lane DJ, Becker EM et al (2010) Mitochondrial iron traffi cking and the 
integration of iron metabolism between the mitochondrion and cytosol. Proc Natl Acad Sci U 
S A 107:10775–10782  

    117.    Rouault TA (2006) The role of iron regulatory proteins in mammalian iron homeostasis and 
disease. Nat Chem Biol 2:406–414  

   118.    Recalcati S, Minotti G, Cairo G (2010) Iron regulatory proteins: from molecular mechanisms 
to drug development. Antioxid Redox Signal 13:1593–1616  

    119.    Wallander ML, Leibold EA, Eisenstein RS (2006) Molecular control of vertebrate iron 
homeostasis by iron regulatory proteins. Biochim Biophys Acta 1763:668–689  

    120.    Fillebeen C, Pantopoulos K (2002) Redox control of iron regulatory proteins. Redox Rep 7:15–22  
    121.    Mueller S (2005) Iron regulatory protein 1 as a sensor of reactive oxygen species. Biofactors 

24:171–181  
    122.    Mutze S, Hebling U, Stremmel W et al (2003) Myeloperoxidase-derived hypochlorous acid 

antagonizes the oxidative stress-mediated activation of iron regulatory protein 1. J Biol Chem 
278:40542–40549  

    123.    Watts RN, Hawkins C, Ponka P, Richardson DR (2006) Nitrogen monoxide (NO)-mediated 
iron release from cells is linked to NO-induced glutathione effl ux via multidrug resistance- 
associated protein 1. Proc Natl Acad Sci U S A 103:7670–7675  

    124.    Ohtake T, Saito H, Hosoki Y et al (2007) Hepcidin is down-regulated in alcohol loading. 
Alcohol Clin Exp Res 31:S2–S8  

     125.    Harrison-Findik DD, Schafer D, Klein E et al (2006) Alcohol metabolism-mediated oxidative 
stress down-regulates hepcidin transcription and leads to increased duodenal iron transporter 
expression. J Biol Chem 281:22974–22982  

    126.    Harrison-Findik DD, Klein E, Crist C et al (2007) Iron-mediated regulation of liver hepcidin 
expression in rats and mice is abolished by alcohol. Hepatology 46:1979–1985  

    127.    Harrison-Findik DD, Klein E, Evans J, Gollan J (2009) Regulation of liver hepcidin expres-
sion by alcohol in vivo does not involve Kupffer cell activation or TNF-alpha signaling. Am 
J Physiol Gastrointest Liver Physiol 296:G112–G118  

    128.    Shindo M, Torimoto Y, Saito H et al (2006) Functional role of DMT1 in transferrin- 
independent iron uptake by human hepatocyte and hepatocellular carcinoma cell, 
HLF. Hepatol Res 35:152–162  

    129.    Suzuki M, Fujimoto Y, Suzuki Y et al (2004) Induction of transferrin receptor by ethanol in 
rat primary hepatocyte culture. Alcohol Clin Exp Res 28:98S–105S  

    130.    Andriopoulos B, Hegedusch S, Mangin J et al (2007) Sustained hydrogen peroxide induces 
iron uptake by transferrin receptor-1 independent of the iron regulatory protein/iron- 
responsive element network. J Biol Chem 282:20301–20308  

    131.    Nishina S, Hino K, Korenaga M et al (2008) Hepatitis C virus-induced reactive oxygen spe-
cies raise hepatic iron level in mice by reducing hepcidin transcription. Gastroenterology 
134:226–238  

     132.    Mueller S, Rausch V (2015) The role of iron in alcohol-mediated hepatocarcinogenesis. Adv 
Exp Med Biol 815:89–112    

21 The Role of Oxidative Stress in Hepatocarcinogenesis



505© Springer International Publishing Switzerland 2015 
E. Albano, M. Parola (eds.), Studies on Hepatic Disorders, 
Oxidative Stress in Applied Basic Research and Clinical Practice, 
DOI 10.1007/978-3-319-15539-5

  A 
  Acetaldehyde , 483–485  
   Acetaminophen (APAP) 

 hepatotoxicity , 200–203  
 P450-mediated APAP metabolism , 201  
 ROS production and oxidative stress , 

200, 201  
 xanthine oxidoreductase , 202  

 liver diseases induced by , 102  
 toxin injury , 136–137  

   Activating transcription factor-6 (ATF6) , 
114–115  

   Activator protein-1 (AP-1) , 100  
   Acute liver failure (ALF) 

 autoimmune hepatitis , 206  
 causes , 200–207  
 drug-induced liver injury 

 acetaminophen hepatotoxicity , 200–203  
 non-acetaminophen , 203–204  

 oxidative stress in liver regeneration , 207  
 viral hepatitis , 204–205  
 Wilson disease , 206  

   Acyl-coenzyme A oxidase (AOX) , 464  
   Adiponectin , 286  
   Alarmins , 315  
   Alcohol dehydrogenase (ADH) , 216  
   Alcoholic cirrhosis , 215, 230–231  
   Alcoholic fi brosis , 230–231  
   Alcoholic liver disease (ALD) 

 alcoholic steatosis , 224–225  
 alcohol-induced oxidative stress 

 hydroxyethyl-free radicals , 220–221  
 iron overload , 221–222  
 liver antioxidant defenses , 222–224  

 nitric oxide , 221  
 reactive oxygen species , 219–220  

 antioxidant therapy 
 polyenylphosphatidylcholine , 399  
  S- adenosylmethionine , 400  
 silymarin , 399  
 vitamins E and C , 398  

 CYP2E1 , 131  
 fi brosis and cirrhosis , 230–231  
 hepatocellular cancer (HCC) , 479  
 hepatocellular injury , 228–229  
 HSF-1 , 132  
 lobular infl ammation , 225–228  
 NF-κB activation , 131  
 Nox and XO , 132  
 pathogenesis , 217–218  
 secondary iron overload , 352  
 SOD , 132  

   Alcoholic steatosis , 224–225  
   Alcohol-induced oxidative stress 

 hydroxyethyl-free radicals , 220–221  
 iron overload , 221–222  
 liver antioxidant defenses , 222–224  
 nitric oxide , 221  
 reactive oxygen species , 219–220  

   Aldehyde oxidase (AO) , 202  
   Allopurinol , 332  
   α-tocopherol, chemical structure , 52  
   Ammonia-induced oxidative stress, hepatic 

encephalopathy 
 human studies , 362–363  
 in vitro evidence , 360–361  
 in vivo evidence , 361–362  

   AMP-kinase (AMPK) , 24  

                                Index 



506

   Angiogenesis, fi brogenesis and , 187–188  
   Antagonistic pleiotropy theory , 67  
   Antioxidants 

 chemoprevention, hepatocellular 
carcinoma , 467–469  

 defense mechanism 
 hepatocellular injury , 99–101  
 unfolded protein response , 116–117  

 enzymatic , 12–14  
 non-enzymatic , 10–11  

   Antioxidant therapy 
 alcoholic liver diseases , 398–400  
 autoimmune hepatitis , 332  
 chronic viral hepatitis , 392–397  
 classifi cation , 390–392  
 IgG4-related sclerosing cholangitis 

(IgG4-SC) , 335  
 liver fi brosis and cirrhosis , 406–407  
 NAFLD/NASH , 400–405  
 natural and pharmacological antioxidant 

defense mechanisms , 331–332  
 nitric oxide metabolism , 392  
 overlap syndromes in autoimmune liver 

disease , 335  
 primary biliary cirrhosis , 332–334  
 primary sclerosing cholangitis , 334–335  
 system , 389–390  

   Apoptosis , 105  
   Apoptosis-inducing factor (AIF) , 203  
   Apoptosis signal-regulating kinase 1 (ASK1) , 

25, 203  
   Ataxia-telangiectasia mutated (ATM) , 24–25  
    ATP7B   ,  206  
   Autoimmune hepatitis (AIH) , 328–329, 332  
   Autoimmune liver disease, oxidative stress 

 antioxidant therapy , 331–335  
 betaine , 337  
 calcineurin inhibitors , 338  
 curcumin , 338  
 docosahexaenoic acid (DHA) , 336  
  D -penicillamine , 337  
 fi bric acid derivates , 339  
 immunopathogenesis , 327–330  
 melatonin , 336  
 mitoquinone (Mite) , 337  
 N-acetylcysteine (NAC) , 337  
 pentoxifylline , 337  
 PPC , 337  
 selenium (selenocysteine) , 338  
 silimaryn , 336  
 sirolimus , 339  
 vitamin C/ascorbic acid , 339  
 vitamin D , 339  

 vitamin E (alpha-tocopherol) , 338  
 zinc/polaprezinc (combination of zinc and 

l-carnosine) , 338  
   Autophagy , 106, 164  

    B 
  Bax inhibitor 1 , 152  
   β-actin , 20  
   β-carotene, chemical structure , 52  
   Betaine , 337  
   Bezafi brate and fenofi brate , 333  
   Bile duct ligation (BDL) , 102, 137  
   Bile secretion , 315–316  
   Biliary fi brosis , 177  
   Biliary intraepithelial neoplasia (BilIN) , 

436–437  
   Biosphere evolution and oxygen , 65–66  

    C 
  Calcineurin inhibitors , 338  
   cAMP response element-binding protein 

(CREB) , 318  
   Carbamazepine , 165  
   Carbon tetrachloride , 466  
   Catalase , 12  
   Cell cycle progression , 69  
   Cell death.    See  Apoptosis; Autophagy; 

Necrosis 
   Cell enlargement , 68  
   Cell senescence 

 antagonistic pleiotropy theory , 67  
 biomarkers 

 cell cycle progression , 69  
 cell enlargement , 68  
 DNA damage foci , 69  
 SA-β-gal activity , 68  

 DNA damage 
 DDR , 73, 74  
 by genotoxic agents , 70  
 by oncogenic/hyper-proliferative 

signals , 71  
 by oxidative stress , 70–71  

 during embryonic development , 68  
 gene expression , 72  
 in liver 

 cytokines and growth factors , 75  
 disease prognosis , 75  
 ductular epithelium , 77  
 histological staining , 76  
 pre-malignant senescent hepatocytes , 76  
 stellate cells , 77  

Index



507

 ROS production and phenotype 
stabilization , 73  

 secretory phenotype , 70–71  
 telomere uncapping , 69  

   Cellular antioxidant systems , 455–458  
   Cellular redox state , 43  
   Cellular signalling pathways and 

 NF-κB and HCC development , 
459–460  

 p38α MAPK pathway and HCC , 460  
   Central nervous system complications, chronic 

liver failure and oxidative stress in.  
  See  Hepatic encephalopathy 

   Centrilobular fi brosis , 177  
   Ceramide , 290, 293  
   Chaperones , 114, 115  
   Cholangiocarcinoma (CC) 

 gross classifi cation , 433  
 hilar CC , 431  
 intrahepatic , 431–435  
 molecular classifi cation , 436  
 mucinous cystic neoplasms (MCNs) , 

435–436  
 NO, cholangiopathies , 317–320  
 premalignant cholangiocellular lesions , 

436–437  
   Cholangiocytes 

 anatomy and functions , 310–311  
 and bile production , 311  
 and liver repair , 312–313  

   Cholangiopathies 
 classifi cation , 309, 310  
 hepatic progenitor cell (HPC) 

compartment , 310  
 reactive oxidative species in , 313–320  

   Cholestasis , 102  
   Cholestatic liver disease , 137  
   Cholesterol 

 and ischemia-reperfusion injury 
 CD diet , 160, 161  
 ER , 161  
 hypercholesterolemia , 160  

 synthesis , 162  
   Choline-and methionine-defi cient diets 

(CMD) , 466–467  
   Chromatin remodelling , 29  
   Chronic hepatitis C (CHC) 

 antioxidant therapies, clinical trials , 
393–396  

 milk thistle , 398  
  N -acetylcysteine , 397  
 secondary iron overload , 351  
 silymarin , 398  

   Chronic liver diseases (CLD).    See also  
Fibrogenesis 

 antioxidant therapy 
 alcoholic liver diseases , 398–400  
 antioxidant classifi cation , 390–392  
 antioxidant system , 389–390  
 chronic viral hepatitis , 392–397  
 liver fi brosis and cirrhosis , 406–407  
 NAFLD/NASH , 400–405  

 causes , 171  
 fi brogenic progression 

 aetiology , 173  
 epidemiological data , 172  
 hepatic cell populations , 174  
 hepatocytes , 173  
 Kupffer cells and macrophages , 173  
 oxidative stress and ROS , 171–172  
 redox mechanisms , 171–172  

   Chronic liver failure 
 etiologic factors , 358  
 oxidative stress and central nervous system 

complications , 357    ( see also  
Hepatic encephalopathy) 

   Chronic viral hepatitis (CVH) 
   Cirrhosis , 280.     See also  Non-alcoholic 

steatohepatitis (NASH) 
 antioxidant therapy , 406–407  

   Closed circular DNA (cccDNA) , 261  
   Colchicine , 333, 334  
   Combined hepatocellular-cholangiocarcinoma 

(cHCC-CC) 
 gross classifi cation , 438  
 hepatobiliary carcinoma , 437  
 histological classifi cation , 439–440  
 nomenclature and diagnostic criteria , 438  

   Curcumin , 338  
   Cyclic-adenosine monophosphate (cAMP) , 311  
   Cyclin-dependent kinase inhibitor (CDKI) , 69  
   Cyclin dependent kinases (CDKs) , 79  
   Cyclooxygenase (COX) , 7–8  
   CYP2E1 , 9  

 alcoholic liver disease , 131  
 hepatitis C virus , 253  

   Cysteine oxidation , 17  
   Cytochrome P450 , 8–9  

 xenobiotic-induced liver diseases , 102  
   Cytochrome P4502E1 (CYP2E1) , 479  

 alkylation by HER , 227  
 animal experiments , 480  
 ethanol metabolism , 216–217  
 HepG2 cells , 228  
 with NADPH-oxidase , 219  
 NAFLD , 487–488  

Index



508

 Cytochrome P4502E1 (CYP2E1) (cont.) 
 and retinoids , 488–489  
 ROS generation and carcinogenic DNA 

adducts , 486–487  
   Cytoglobin (CYGB) , 392  
   Cytokine-induced neutrophil chemoattractant 

(CINC) , 128  

    D 
  Damage-associated molecular patterns 

(DAMPs) , 124–125, 315  
   De novo lipogenesis (DNL) process , 284  
   Diethylnitrosamine , 465  
   Direct acting antiviral (DAA) therapies , 244  
   DNA damage 

 DDR , 73, 74  
 foci , 69  
 by genotoxic agents , 70  
 by oncogenic/hyper-proliferative signals , 71  
 by oxidative stress , 70–71  

   DNA polymerase , 69  
   Docosahexaenoic acid (DHA) , 336  
   Drug-induced liver injury (DILI) 

 acetaminophen hepatotoxicity , 200–203  
 non-acetaminophen , 203–204  

   Ductular reaction , 310, 312  
   DUOX1 and DUOX2 , 5  
   Dysplastic nodules (DNs) , 431  

    E 
  EGF-R , 84  
   Eicosanoids , 108  
   Encephalomyocarditis virus (EMCV) , 248  
   Encephalopathy, hepatic.    See  Hepatic 

encephalopathy 
   Endoplasmic reticulum (ER).    See also  

Unfolded protein response (UPR) 
 alcoholic steatosis , 225  
 ER-mitochondrial interactions in UPR , 

118–119  
 in eukaryotic cells , 113–114  
 oxidative damage on , 104  
 smooth ER , 113–114  

   Endothelial cells , 107–108  
   Endothelial nitric oxide synthase (eNOS) , 108  
   Endothelin-1 (ET-1) , 108  
   Endotoxin-associated liver infl ammation , 

133–134  
   Enzymatic antioxidant , 12–14  

 defenses 
 CAT , 48  
 GSTs , 51  

 GTPx , 48  
 PRXs , 49  
 SOD , 47–48  
 thiol modifi cations , 50  
 TRXs , 49  

   Epidermal growth factor receptor (EGFR) , 
82, 83, 318  

   ER oxidase 1 (Ero1) , 117  
   Ethanol , 118  

 metabolism , 216–217  

    F 
  Farnesoid X receptor (FXR) , 333, 335  
   Fatty acid uptake , 282–283  
   Fibric acid derivates , 339  
   Fibrogenesis 

 aetiology , 173  
 angiogenesis and , 187–188  
 causes , 171  
 epidemiological data , 172  
 hepatic cell populations , 174  
 hepatocytes , 173  
 hypoxia , 187–188  
 Kupffer cells and macrophages , 173  
 myofi broblasts 

 activated HSCs and , 188–189  
 activation , 175–176  
 origin , 175  
 phenotypic responses , 175, 176  
 pro-fi brogenic functional target cells , 

181–182  
 NADPH-oxidase isoforms 

 intracellular ROS generation , 184–187  
 and pro-fi brogenic responses , 182–183  

 oxidative stress 
 experimental and clinical studies , 178  
 genesis , 179  
 intracellular ROS levels , 178, 179  
 ROS elevation , 179–180  

 oxidative stress and ROS , 171–172  
 redox mechanisms , 171–172  
 therapeutic strategies , 189–191  

   Fibrosis , 134–136  
 aetiology and pro-fi brogenic mechanisms , 

176–178  
 alcoholic , 230–231  

   Forkhead box O (FOXO) , 26–27, 80–81  
   Free cholesterol (FC) deposition, 

mitochondria , 289  
   Free fatty acids (FFA) , 118  

 oxidation , 283  
   Free radicals , 43  
   FVIII (coagulation factor VIII) , 117  

Index



509

    G 
  GADD34 expression , 114, 115  
   Gene expression profi ling (GEP) , 422  
   Genetically modifi ed models, susceptibility , 467  
   Glutaredoxin (GRX) , 13–14  
   Glutathione (GSH) , 11  

 chemical structure , 52  
   Glutathione peroxidases (GPx) , 12, 100  
   Glutathionylation , 16  
   Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) , 23–24  
   Glypican-3 (GPC-3) , 422  
   GSSG , 202  
   Gut-derived endotoxin , 285–286  

    H 
  Hayfl ick's limit , 67  
   HCV core protein transgenic mice , 462–463  
   Heme oxygenase-1 (Ho-1) , 56  
   Hepatic encephalopathy 

 antioxidant strategies , 364–365  
 oxidative stress 

 ammonia-induced , 360–363  
 manganese-induced , 363–364  
 neuropathology , 359–360  

 pathogenesis , 359  
   Hepatic fi brosis, HCV , 254–256  
   Hepatic iron 

 ALD, iron overload , 490–491  
 hepatic causes , 495–497  
 therapy , 497–498  

 cellular iron regulation , 494–495  
 iron toxicity and carcinogenesis , 489–490  
 overload, oxidative stress and 

 biological functions , 347  
 chemical properties , 347–349  
 hepatocellular carcinoma and , 353  
 iron metabolism , 345–347  
 iron toxicity , 347–349  
 primary iron overload , 349–350  
 secondary iron overload , 350–352  

 systemic iron homeostasis , 491–494  
   Hepatic progenitor cells (HPCs) , 229, 310  
   Hepatic steatosis 

 HCV , 254–256  
 metabolic pathways 

 fatty acid uptake , 282–283  
 FFA oxidation , 283  
 very low-density lipoprotein-

triglyceride secretion , 285  
   Hepatitis A virus (HAV) , 204–205  
   Hepatitis B virus (HBV) , 204–205  

 genome , 261  

 oxidative stress , 262  
 pathogenesis , 260–261  
 replication , 261  

   Hepatitis C virus (HCV) , 134, 205  
 acute and chronic infection , 243–244  
 direct acting antiviral 

(DAA) therapies , 244  
 genome , 244, 245  
 hepatic fi brosis and cirrhosis , 255–256  
 hepatic steatosis , 254–255  
 hepatocellular carcinoma , 256–259  
 life cycle 

 attachment , 244  
 viral assembly and release , 244–246  
 viral RNA translation , 246  

 metabolic syndrome , 259  
 mixed cryoglobulinemia , 260  
 oxidative stress 

 CYP2E1 , 253  
 decreased antioxidant defense , 253–254  
 effects , 259–260  
 iNOS , 253  
 iron overload , 250–251  
 mitochondrial ROS , 251  
 Nox enzymes , 251–252  
 signaling pathways of , 250  

 prevalence , 242  
 structural and nonstructural proteins , 246  
 transmission , 242–243  
 in vitro and in vivo models , 247–249  

   Hepatocellular carcinoma (HCC) , 136  
 animal experiments , 480  
 antioxidants, chemoprevention , 467–469  
 cellular signalling pathways and 

 NF-κB and HCC development , 459–460  
 p38α MAPK pathway and HCC , 460  

 clinical-pathological classifi cation , 419–427  
 early HCC (eHCC) , 421–422  
 progressed HCC (pHCC) , 423–427  

 early stage 
 defi nition , 421  
 gene expression profi ling (GEP) , 422  
 glypican-3 (GPC-3) , 422  
 high-grade dysplastic nodule , 422  
 macroscopic appearance , 421  
 stromal invasion , 422  

 epidemiology , 481  
 experimental hepatocarcinogenesis 

 acyl-coenzyme A oxidase (AOX) , 464  
 carbon tetrachloride , 466  
 chemically induced oxidative stress , 

465–467  
 choline-and methionine-defi cient diets 

(CMD) , 466–467  

Index



510

 Hepatocellular carcinoma (HCC) (cont.) 
 diethylnitrosamine , 465  
 genetically modifi ed models, 

susceptibility , 467  
 HCV core protein transgenic mice , 

462–463  
  Mdr2  null mice , 464  
 methionine adenosyltransferase 1a 

(Mat1a) null mice , 463–464  
 thioacetamide , 466  
 transgenic mice expressing HBV 

proteins , 461–462  
 HCV , 256–259  
 hepatic iron overload, oxidative stress 

and , 353  
 incidence , 419, 479  
 molecular classifi cation , 427–428  
 mortality , 419  
 oxidative stress, HCV-HVB-and NASH-

HCC Patients 
 cellular antioxidant systems , 455–458  
 8-hydroxy-2-deoxyguanosine , 451–452  
 iron overload , 453–454  
 LPO markers and etheno DNA adducts , 

452–453  
 nitrosative stress markers , 454–455  

 pathogenesis 
 aspects of , 482–483  
 role oxidative stress , 483–498  

 premalignant hepatocellular lesions , 428–431  
 dysplastic foci , 430  
 dysplastic nodules (DNs) , 431  
 large cell change , 429  
 small cell change , 429–430  

 progressed stage 
 chromophobe HCC with abrupt 

anaplasia (CHAA) , 425  
 classical forms , 425  
 differential diagnosis , 426  
 grade 1 (G1) , 426  
 grade 2 (G2) , 426  
 grade 3 (G3) , 426  
 grade 4 (G4) , 426  
 gross classifi cation , 423  
 histologic classifi cations , 423–426  

   Hepatocellular injury , 228–229  
 endothelial cells , 107–108  
 hepatic stellate cells , 108–109  
 hepatocytes , 105–107  
 Kupffer cells , 107  
 oxidative stress and , 99  
 signaling pathways 

 in endoplasmic reticulum , 104  
 in lysosomes , 104–105  

 in mitochondria , 103  
 in plasma membrane , 103  

   Hepatocyte 
 fi brogenesis , 173  
 injury , 105–107  
 transplantation , 75  

   Hepatocyte growth factor (HGF) , 82  
   Hepatotoxicity, acetaminophen , 200–203  
   HepG2 cells , 228  
   HIFs , 27–28  
   High mobility group box 1 (HMGB1) , 

124–125  
   HMG-CoA reductase (HMGCR) , 161  
   HSF-1, alcoholic liver disease , 132  
   Hydrogen peroxide (H 2 O 2 ) , 4, 154  
   8-Hydroxy-2-deoxyguanosine , 451–452  
   Hydroxyl radical ( • OH) , 4  
   Hypercholesterolemia , 160  
   Hypoxia, fi brogenesis , 187–188  
   Hypoxia-inducible factors (HIFs) , 187  

    I 
  Idiosyncratic DILI (iDILI) , 203  
   IgG4-related sclerosing cholangitis 

(IgG4-SC) , 335  
   IL-6 and IL-8 , 71–72  
   Immunopathogenesis 

 autoimmune hepatitis , 328–329  
 overlap syndromes , 327–328  
 primary biliary cirrhosis , 329  
 primary sclerosing cholangitis , 330  

   Immunosuppression and ROS , 379–380  
   Inducible nitric oxide synthase (iNOS) , 294  
   Inducible NO synthetase (iNOS) , 221  
   Infl ammation, liver 

 alcoholic liver disease 
 CYP2E1 , 131  
 HSF-1 , 132  
 NF-κB activation , 131  
 Nox and XO , 132  
 SOD , 132  

 cholestatic liver disease , 137  
 endotoxin-associated , 133–134  
 fi brosis , 134–136  
 hepatocellular carcinoma , 136  
 immune system , 137–138  
 ischemia-reperfusion injury 

 cytokine-induced neutrophil 
chemoattractant (CINC) , 128  

 KC inactivation , 126–127  
 macrophage function inhibition , 126  
 neutrophil recruitment , 127  
 xanthine oxidase , 127–128  

Index



511

 leukocytes, ROS production in , 124–126  
 non-alcoholic fatty liver disease , 129–131  
 reactive oxygen species and , 123–124  
 toxin injury , 136–137  
 viral hepatitis , 134  

   Infl ammatory cytokine/adipokines , 286–287  
   Inositol-requiring 1α (IRE1α) , 114–116  
   Insulin receptor kinase (IRK) , 21  
   Interleukin-6 (IL-6) , 286  
   Internal ribosomal entry site (IRES) , 246  
   International Agency for Research on Cancer 

(IARC) , 479  
   Intracellular antioxidants , 390–391  
   Iron 

 metabolism, oxidative stress and 
 distribution and absorption , 345–346  
 hepcidin and systemic iron 

homeostasis , 346–347  
 storage and recycling , 346  

 overload , 453–454  
 primary , 349–350  
 secondary , 350–352  

 toxicity , 347–349  
   Ischemia-reperfusion (IR) injury 

 autophagy , 164  
 cholesterol and 

 CD diet , 160, 161  
 ER , 161  
 hypercholesterolemia , 160  

 cytokine-induced neutrophil 
chemoattractant (CINC) , 128  

 fatty liver sensitizes to , 159–160  
 infl ammatory cytokines generation , 

158–159  
 KC inactivation , 126–127  
 liver transplantation 

 antioxidant treatment , 375–376  
 gene therapy , 378  
 ischemic preconditioning , 376–378  
 pathogenesis , 375  

 macrophage function inhibition , 126  
 neutrophil recruitment , 127  
 NF-κB activation , 158–159  
 ROS generation and defense 

 ATP depletion , 151  
 hydrogen peroxide , 154  
 MnSOD , 163–164  
 MPT , 151  
 peroxynitrite , 154–155  
 superoxide formation , 152–154  

 ROS sources 
 extramitochondrial sources , 157–158  
 mitochondrial metabolism , 155–157  

 xanthine oxidase , 127–128  
   ISHEN classifi cation , 358  

    J 
  JNK1/2 , 185  
   JNK (c-Jun N-terminal kinase) , 103, 202  

    K 
  Keap1-Nrf2 signalling , 15  
   Kruppel-like factor 2 (KLF2) , 161  
   Kupffer cells 

 damages , 107  
 inactivation , 126–127  
 and macrophages , 173  
 ROS production , 125  

    L 
  Leukocytes, ROS production in , 124–126  
   Lipid peroxidation , 46, 47, 103  
   Lipogenesis process, de novo , 284  
   Lipotoxicity , 287–290  
   Lipoxygenase (LOX) , 7–8  
   Liver cancer classifi cation 

 cholangiocarcinoma 
 gross classifi cation , 433  
 hilar CC , 431  
 intrahepatic , 431–435  
 molecular classifi cation , 436  
 mucinous cystic neoplasms (MCNs) , 

435–436  
 premalignant cholangiocellular lesions , 

436–437  
 combined hepatocellular-

cholangiocarcinoma (cHCC-CC) 
 gross classifi cation , 438  
 hepatobiliary carcinoma , 437  
 histological classifi cation , 439–440  
 nomenclature and diagnostic criteria , 438  

 hepatocellular carcinoma 
 clinical-pathological classifi cation , 

419–427  
 incidence and mortality , 419  
 molecular classifi cation , 427–428  
 premalignant hepatocellular lesions , 

428–431  
 histogenesis, liver cancers , 440–441  
 historical notes , 418–419  

   Liver damages, by ROS 
 base degradation , 44  
 carbonylation , 45  
 hydroxylation , 45  
 lipid peroxidation , 46, 47  
 mutations , 44  
 nitration , 45  
 protein modifi cation , 46–47  
 sulfoxidation , 45  

Index



512

   Liver diseases 
 cholestasis , 102  
 non-alcoholic fatty liver disease , 101–102  
 xenobiotic-induced , 102–103  

   Liver failure.    See  Acute liver failure (ALF) 
   Liver fi brosis , 406–407  
   Liver regeneration , 207  

 cell cycle , 79–80  
 epidermal growth factor receptor (EGF-R) , 

82, 83  
 hepatocyte growth factor (HGF) , 82  
 partial hepatectomy (PH) , 78  
 redox balance and sensors , 80–81  
 ROS 

 and cell cycle , 82  
 EGF-R , 84  
 Nrf2 , 84–85  
 p38-MAPK , 85  

   Liver repair , 316  
   Liver transplantation, oxidative stress and 

 ischemia-reperfusion injury 
 antioxidant interventions , 375–378  
 pathogenesis , 375  

 marginal donors , 374–375  
 posttransplant conditions 

 acute rejection , 379  
 immunosuppression and ROS , 379–380  

 pretransplant conditions 
 marginal donors , 374–375  
 transplant candidates , 372–374  

   Lobular infl ammation , 225–228  
   LPO markers and etheno DNA adducts , 

452–453  
   Lyn , 20  
   Lysosomes , 104–105, 298  

    M 
  Macrophage, function inhibition , 126  
   Malondialdehyde (MDA) , 130–131  
   Manganese-induced oxidative stress, hepatic 

encephalopathy , 363–364  
   Manganese superoxide dismutase (MnSOD) , 

163, 204.     See also  SOD2 
   MAPK pathway , 25  
   MATI and MATIII , 222–223  
    Mdr2  null mice , 464  
   Melatonin , 336  
   Membrane and extracellular antioxidants , 

391–392  
   Metabolic syndrome , 259  
   Metalloproteinase-2 (MMP2) , 318  
   Methionine adenosyltransferase 1a (Mat1a) 

null mice , 463–464  
   Methionine oxidation , 16  

   Mevalonate pathway , 162  
   Microsomes , 295–296  
   Mitochondria , 292–295  

 oxidative damage on , 103  
 ROS generation in , 6  

   Mitochondrial permeability transition (MPT) , 151  
   Mitofusin-1 and-2 , 119  
   Mitogen-activated protein kinase (MAPK) , 

202–203  
   Mitoquinone (Mite) , 337  
   Mixed cryoglobulinemia , 259  
   Mixed lineage kinase 3 (MLK3) , 203  
   MnSOD , 163–164  
   Modifi cation of UDCA (norUDCA) , 333–334  
   Monocyte chemotactic protein (MCP)-1 , 130  
   MPT , 151  
   Mucinous cystic neoplasms (MCNs) , 435–436  
   Multiple parallel hit theory, NAFLD , 281  
   Myeloperoxidase (MPO) , 125  
   Myofi broblasts, fi brogenesis 

 activated HSCs and , 188–189  
 activation , 175–176  
 origin , 175  
 phenotypic responses , 175, 176  
 pro-fi brogenic functional target cells , 181–182  

    N 
  N-acetylcysteine (NAC) , 164, 337  

 antioxidant therapies , 397  
   NAD(P)H:quinone oxidoreductase 1 (Nqo1) , 56  
   NADPH oxidase (NOX) , 6–7, 107, 109  

 alcoholic liver disease , 132  
 enzymes , 6–7  
 fi brogenesis 

 intracellular ROS generation , 184–187  
 and pro-fi brogenic responses , 182–183  

   Necrosis , 105–106  
   Neutrophils , 130  
   Nitric oxide (NO) , 5, 108  

 cholangiopathies 
 and bile secretion , 315–316  
 and cholangiocarcinoma , 317–320  
 and liver repair , 316  

   Nitric oxide synthase (NOS) , 44  
   Nitrosative stress markers , 454–455  
    N -nitrosodiethylamine (DEN) , 136  
   Non-acetaminophen drug-induced liver injury , 

203–204  
   Non-alcoholic fatty liver disease (NAFLD) , 

101–102  
 antioxidant therapy 

 betaine , 404  
 metformin , 405  
  N -acetylcysteine , 405  

Index



513

 pentoxifylline , 404  
 ursodeoxycholic acid , 405  
 vitamins E and C , 400–404  

 clinical importance , 280  
 epidemiology , 280  
 hepatic steatosis, metabolic pathways 

 fatty acid uptake , 282–283  
 FFA oxidation , 283  
 very low-density lipoprotein-

triglyceride secretion , 285  
 hepatocellular cancer (HCC) , 479  
 multiple parallel hit theory , 281  
 NASH , 129–131  
 oxidative stress and mitochondrial dysfunction 

 lysosomes , 298  
 microsomes , 295–296  
 mitochondria , 292–295  
 peroxisomes , 296–297  

 prevalence , 280  
 secondary iron overload , 351–352  
 steatosis to steatohepatitis 

 gut-derived endotoxin and toll-like 
receptors , 285–286  

 infl ammatory cytokine/adipokines , 
286–287  

 lipotoxicity , 287–290  
 symptoms , 280  

   Non-alcoholic steatohepatitis (NASH) , 101  
 adaptive immune system , 130–131  
 adiponectin , 129  
 antioxidant therapy 
 leptin , 130  
 neutrophils , 130  
 prevalence , 280  
 ROS generation by KCs , 130  

   Non-autoimmune biliary diseases, oxidative 
stress.    See  Cholangiopathies 

   Non-enzymatic antioxidant , 10–11  
 defenses 

 β-carotene , 53, 54  
 glutathione (GSH) , 53  
 vitamin C , 53  
 vitamin E/α-tocopherol , 52, 53  

   Non-proteins substrates , 29  
   NOX.    See  NADPH oxidase (NOX) 
   NOX1 , 109  
   NOX2 , 109  
   Nrf2 , 15, 28–29  

 antioxidant defense of , 55–57  
 liver regeneration , 84–85  

   Nuclear erythroid-related factor 2 (Nrf-2) , 100  
   Nuclear factor-kB (NF-kB) , 26, 100–101  

 activation 
 alcoholic liver disease , 131  
 ischemia-reperfusion injury , 158–159  

    O 
  Overlap syndromes , 327–328  

 AIH-PBC , 335  
 AIH-PSC , 335  
 in autoimmune liver disease , 335  

   Oxidative stress.    See also  Reactive oxygen 
species (ROS) 

 antioxidant defenses , 99  
 autoimmune liver disease 

 antioxidant therapy , 331–335  
 betaine , 337  
 calcineurin inhibitors , 338  
 curcumin , 338  
 docosahexaenoic acid (DHA) , 336  
 D-Penicillamine , 337  
 fi bric acid derivates , 339  
 immunopathogenesis , 327–330  
 melatonin , 336  
 mitoquinone (Mite) , 337  
 N-acetylcysteine (NAC) , 337  
 pentoxifylline , 337  
 PPC , 337  
 selenium (selenocysteine) , 338  
 silimaryn , 336  
 sirolimus , 339  
 vitamin C/ascorbic acid , 339  
 vitamin D , 339  
 vitamin E (alpha-tocopherol) , 338  
 zinc/polaprezinc (combination of zinc 

and l-carnosine) , 338  
 chemically induced , 465–467  
 chronic liver failure, central nervous 

system complications   ( see  Hepatic 
encephalopathy) 

 fi brogenesis 
 experimental and clinical studies , 178  
 genesis , 179  
 intracellular ROS levels , 178, 179  
 and ROS , 171–172  
 ROS elevation , 179–180  

 HCV 
 CYP2E1 , 253  
 decreased antioxidant defense , 253–254  
 effects , 259–260  
 iNOS , 253  
 iron overload , 250–251  
 mitochondrial ROS , 251  
 Nox enzymes , 251–252  
 signaling pathways of , 250  

 HCV-HVB-and NASH-HCC Patients 
 cellular antioxidant systems , 

455–458  
 8-hydroxy-2-deoxyguanosine , 

451–452  
 iron overload , 453–454  

Index



514

 Oxidative stress.  See also  Reactive oxygen 
species (ROS) (cont.) 

 LPO markers and etheno DNA adducts , 
452–453  

 nitrosative stress markers , 454–455  
 and hepatic iron overload 

 biological functions , 347  
 chemical properties , 347–349  
 hepatocellular carcinoma and , 353  
 iron metabolism , 345–347  
 iron toxicity , 347–349  
 primary iron overload , 349–350  
 secondary iron overload , 350–352  

 hepatocarcinogenesis 
 antioxidants, chemoprevention , 467–469  
 cellular signalling pathways and , 458–460  
 experimental hepatocarcinogenesis , 

460–467  
 role in HCV-HVB-and NASH-HCC 

Patients , 451–458  
 hepatocellular injury   ( See  Hepatocellular 

injury) 
 in liver diseases   ( See  Liver diseases) 
 liver infl ammation   ( See  Infl ammation, liver) 
 and liver transplantation 

 ischemia-reperfusion injury , 375–378  
 marginal donors , 374–375  
 posttransplant conditions , 379–380  
 pretransplant conditions , 372–374  

 and mitochondrial dysfunction, NAFLD 
 lysosomes , 298  
 microsomes , 295–296  
 mitochondria , 292–295  
 peroxisomes , 296–297  

 nonautoimmune biliary diseases  
 ( see  Cholangiopathies) 

 pathogenesis role, HCC 
 acetaldehyde , 483–485  
 cytochrome P4502E1 , 486–489  
 hepatic iron , 489–498  

 unfolded protein response , 118  
   2-Oxoglutarate (2OG) dioxygenase , 17  
   Oxygen-centered non-radicals , 4, 5  
   Oxygen-centered radicals , 3–5  

    P 
  Paracetamol, liver diseases induction , 102  
   Partial hepatectomy (PH) , 78  
    D -Penicillamine , 337  
   Pentoxifylline , 337  
   Pericellular/perisinusoidal fi brosis , 177  
   Peroxiredoxins (PRX) , 12–13  
   Peroxisomal enzymes , 9  

   Peroxisome , 296–297  
   Peroxisome proliferator-activated receptor 

family (PPAR) , 319  
   Peroxyl and alkoxyl radicals , 4–5  
   Peroxynitrite (OONO - ) , 5, 154–155  
   3-Phosphatase and tensin homolog (PTEN) , 19  
   Phospholipases , 313  
   PKM2 , 23  
   Plasma membrane, oxidative damage on , 103  
   Platelet-derived growth factor (PDGF) , 109  
   p38-MAPK 

 liver regeneration , 85  
   Post-necrotic/bridging fi brosis , 177  
   PPC , 337  
   Primary biliary cirrhosis (PBS) , 329, 332–334  
   Primary sclerosing cholangitis (PSC) , 

330, 334–335  
   Prostaglandins , 7, 174, 313  
   Protein folding , 114  
   Protein kinase-like ER kinase (PERK) , 114–116  
   Protein tyrosine phosphatases , 18–20  
   Pyruvate kinase (PK) , 23  

    R 
  Reactive ductular cells (RDC) , 312  
   Reactive nitrogen species (RNS) , 43–44  
   Reactive oxidative species , 479  

 cholangiopathies , 313–314  
 infl ammation effect , 314–315  
 nitric oxide (NO) effects , 315–320  

 generation and carcinogenic DNA adducts, 
CYP2E1 , 486–487  

   Reactive oxygen species (ROS) , 123–124, 371  
 and cell senescence   ( see  Cell senescence) 
 cellular sources , 43–44  
 damages generated by 

 base degradation , 44  
 carbonylation , 45  
 hydroxylation , 45  
 lipid peroxidation , 46, 47  
 mutations , 44  
 nitration , 45  
 protein modifi cation , 46–47  
 sulfoxidation , 45  

 generation, mechanism 
 cytochrome P450 , 8–9  
 lipoxygenase and cyclooxygenase , 7–8  
 in mitochondria , 6  
 NOX enzymes , 6–7  
 peroxisomal enzymes , 9  
 xanthine oxidase , 8  

 hydrogen peroxide (H 2 O 2 ) , 4  
 hydroxyl radical ( • OH) , 4  

Index



515

 ischemia-reperfusion injury 
 ATP depletion , 151  
 extramitochondrial sources , 157–158  
 hydrogen peroxide , 154  
 mitochondrial metabolism , 155–157  
 MnSOD , 163–164  
 MPT , 151  
 peroxynitrite , 154–155  
 superoxide formation , 152–154  

 nitric oxide (NO • ) , 5  
 peroxyl and alkoxyl radicals , 4–5  
 peroxynitrite (OONO - ) , 5  
 scavenging 

 enzymatic antioxidants , 12–14  
 keap1-Nrf2 signalling , 15  
 non-enzymatic antioxidants , 10–11  

 singlet oxygen ( 1 O 2 ) , 4  
 superoxide anion ( • O2-) , 3–4  

   Receptor-interacting protein kinase 3 
(RIP3) , 203  

   Receptor tyrosine kinases (RTKs) , 
19, 21–22  

   Redox mechanisms, fi brogenesis , 171–172  
   Redox signaling.    See also  Reactive oxygen 

species (ROS) 
 cysteine oxidation , 17  
 glutathionylation , 16  
 methionine oxidation , 16  
 non-proteins substrates , 29  
 proteins, redox-sensitive targets in 

 AMP-kinase , 24  
 ASK1 , 25  
 ATM , 24–25  
 β-actin , 20  
 GAPDH , 23–24  
 MAPK pathway , 25  
 PKM2 , 23  
 protein tyrosine phosphatases , 18–20  
 receptor tyrosine kinases , 21–22  
 Src family kinases , 20–21  

 spatial regulation , 17–18  
 transcription factors 

 chromatin remodelling , 29  
 FoxOs , 26–27  
 HIFs , 27–28  
 NF-kB , 26  
 Nrf2 , 28–29  

   Renin-angiotensin system (RAS) , 186  

    S 
  SA-β-gal activity , 68  
   S-adenosylmethionine (SAMe) , 222–223  

   Selenium (selenocysteine) , 338  
   Signal transduction pathways 

 in endoplasmic reticulum , 104  
 in lysosomes , 104–105  
 in mitochondria , 103  
 in plasma membrane , 103  

   Silimaryn , 336  
   Singlet oxygen ( 1 O 2 ) , 4  
   Sirolimus , 339  
   Sod2 , 204  
   Src family kinases , 20–21  
   SREBP-1 , 225  
   Steatosis 

 hepatic, metabolic pathways 
 fatty acid uptake , 282–283  
 FFA oxidation , 283  
 very low-density lipoprotein-

triglyceride secretion , 285  
 to steatohepatitis, NAFLD 

 gut-derived endotoxin and toll-like 
receptors , 285–286  

 infl ammatory cytokine/adipokines , 
286–287  

 lipotoxicity , 287–290  
   Stellate cells injury 

 autocrine effects , 109  
 paracrine effects , 108  

   Sulfi redoxin 1 (Srxn1) , 56  
   Sulfi redoxin (SRX) , 13  
   Superoxide anion ( • O2-) , 3–4  

 hepatocyte injury , 106  
   Superoxide dismutase (SOD) , 12, 100  

 alcoholic liver disease , 132  
   Superoxide formation , 152–154  

    T 
  Telomere uncapping , 69  
   Thioacetamide , 466  
   Thioredoxin (TRX) , 11, 13–14  
   Toll-like receptor 4 (TLR4) , 258  
   Toll-like receptor (TLR) , 186, 285–286  
   Toxin injury , 136–137  
   Transgenic mice expressing HBV proteins , 

461–462  
   TRX reductase (TRXR) , 11  
   Tumor necrosis factor (TNF) , 151  
   Tumor necrosis factor-alpha (TNF-α) , 286  

    U 
  UDCA , 332  
   Uncoupling protein-2 (UCP2) , 294  

Index



516

   Unfolded protein response (UPR) , 104  
 alcoholic steatosis , 225  
 antioxidant defense , 116–117  
 eIF2α dephosphorylation , 115  
 ER lumen , 117–118  
 ER-mitochondrial interactions , 118–119  
 GADD34 expression , 114, 115  
 IRE1α , 114–116  
 oxidative stress as activator , 118  
 PERK-mediated phosphorylation , 114, 115  

    V 
  Vasoconstriction , 108  
   Very low-density lipoprotein-triglyceride 

(VLDL) secretion , 285  
   Viral hepatitis , 134  

 acute liver failure , 204–205  
   Vitamin C (Ascorbic acid) , 10, 339  

 antioxidant defenses , 53  
 chemical structure , 52  

   Vitamin D , 339  

   Vitamin E , 52  
 alpha-tocopherol) , 338  
 beta-tocopherol) , 10  

    W 
  Wilson disease , 206  

    X 
  Xanthine dehydrogenase , 202  
   Xanthine oxidase (XO) , 8, 202  

 alcoholic liver disease , 127–128, 132  
   Xanthine oxidoreductase (XOR) , 202  
   X-box-binding protein-1 (XBP1s) , 

115, 117  
   Xenobiotic-induced , 102–103  

    Z 
  Zinc/polaprezinc (combination of zinc 

and l-carnosine) , 338          

Index


	Preface
	Contents
	Contributors
	Abbreviations
	Part I: Oxidative Stress: Basic Principles in the Liver Scenario
	Chapter 1: Principles of Redox Signaling
	1.1 Reactive Oxygen Species
	1.1.1 Superoxide Anion (•O2–)
	1.1.2 Hydroxyl Radical (•OH)
	1.1.3 Hydrogen Peroxide (H2O2)
	1.1.4 Singlet Oxygen (1O2)
	1.1.5 Peroxyl and Alkoxyl Radicals
	1.1.6 Nitric Oxide (NO•)
	1.1.7 Peroxynitrite (OONO–)

	1.2 Mechanism of ROS Generation
	1.2.1 Mitochondria
	1.2.2 NOX Enzymes
	1.2.3 Lipoxygenase and Cyclooxygenase
	1.2.4 Xanthine Oxidase
	1.2.5 Cytochrome P450
	1.2.6 Peroxisomal Enzymes

	1.3 ROS Scavenging
	1.3.1 Non-enzymatic Antioxidants
	1.3.2 Enzymatic Antioxidants
	1.3.2.1 Superoxide Dismutase, Catalase, and Glutathione Peroxidase
	1.3.2.2 Peroxiredoxins, Sulfiredoxins, Thioredoxins, and Glutaredoxins

	1.3.3 The Keap1–Nrf2 Signalling

	1.4 Redox-Sensitive Targets in Proteins
	1.4.1 Spatial Regulation of Redox Signals
	1.4.2 Redox-Sensing Proteins
	1.4.3 Redox-Sensing Transcription Factors
	1.4.4 Non-Proteins Substrates

	References

	Chapter 2: Oxidative Stress, Antioxidant Defenses, and the Liver
	2.1 Introduction
	2.2 Cellular Sources of ROS and RNS
	2.3 Damages Generated by ROS
	2.4 Enzymatic Antioxidant Defenses
	2.5 Non-enzymatic Antioxidant Defenses
	2.6 Role of Nrf2 Transcriptional Factor in Liver Antioxidant Defense
	2.7 Conclusions
	References

	Chapter 3: Oxidative Mechanisms in Liver Senescence and Regeneration
	3.1 Oxygen and the Evolution of the Biosphere
	3.2 ROS and Cell Senescence
	3.2.1 What Is Cell Senescence?
	3.2.2 Biomarkers of Cellular Senescence
	3.2.3 What Are the Triggers of Cell Senescence?
	3.2.4 The Senescence-Associated Secretory Phenotype
	3.2.5 Oxidative Stress, Aging, and Senescence
	3.2.6 Oxidative Stress and Cell Senescence in the Liver

	3.3 Oxidative Stress and Liver Regeneration
	3.3.1 The Cell Cycle as a Redox Cycle
	3.3.2 The Redox Balance and Redox Sensors
	3.3.3 ROS and the Cell Cycle
	3.3.4 Triggers of Liver Regeneration
	3.3.5 ROS and Liver Regeneration

	3.4 Concluding Remarks
	References


	Part II: Oxidative Stress and Liver Pathophysiology: From Cell Damage and Death to Inflammatory and Fibrogenic Responses
	Chapter 4: Oxidative Stress and Hepatocellular Injury
	4.1 Oxidative Stress and Hepatocellular Injury
	4.2 Oxidative Stress and Antioxidant Defenses
	4.3 Oxidative Stress in Liver Diseases
	4.3.1 Non-alcoholic Fatty Liver Disease
	4.3.2 Cholestasis
	4.3.3 Xenobiotic-Induced Liver Diseases (Alcohol, Paracetamol)

	4.4 Signaling Pathways in Hepatocellular Injury: Involvement of Different Organelles
	4.4.1 Plasma Membrane
	4.4.2 Mitochondria
	4.4.3 Endoplasmic Reticulum
	4.4.4 Lysosomes

	4.5 Injury to Different Hepatic Cell Type Populations
	4.5.1 Hepatocytes
	4.5.2 Kupffer Cells
	4.5.3 Endothelial Cells
	4.5.4 Hepatic Stellate Cells

	References

	Chapter 5: Oxidative Stress and the Unfolded Protein Response in the Liver
	5.1 Introduction
	5.2 The Endoplasmic Reticulum
	5.3 The Unfolded Protein Response
	5.3.1 An Expanded View of the UPR

	5.4 The UPR and Antioxidant Defense
	5.5 The ER Lumen as a Source of Oxidative Stress
	5.6 Oxidative Stress as an Activator of the UPR
	5.7 ER–Mitochondrial Interactions and Oxidative Stress
	5.8 Summary
	References

	Chapter 6: Oxidative Stress and Liver Inflammation
	6.1 Introduction
	6.2 Mechanisms Underlying ROS Production in Leukocytes
	6.3 Ischemia-Reperfusion Injury
	6.4 NAFLD and NASH
	6.5 Alcoholic Liver Disease
	6.6 Endotoxin-Associated Oxidative Stress and Inflammation
	6.7 Viral Hepatitis
	6.8 Fibrosis
	6.9 Hepatocellular Carcinoma
	6.10 Toxin Injury
	6.11 Cholestatic Liver Disease
	6.12 Hepatoprotective Functions of the Immune System
	6.13 Summary
	References

	Chapter 7: Oxidative Stress and Liver Ischemia–Reperfusion Injury
	7.1 Introduction
	7.2 Reactive Oxygen Species and Free Radicals in Hepatic I/R Injury
	7.2.1 Major ROS Generation and Defense During Hepatic I/R
	7.2.1.1 Superoxide Formation
	7.2.1.2 Hydrogen Peroxide
	7.2.1.3 Peroxynitrite

	7.2.2 Sources of ROS in Hepatic I/R Injury
	7.2.2.1 Mitochondrial Metabolism
	7.2.2.2 Extramitochondrial Sources


	7.3 Dual Role of ROS in Hepatic I/R Injury: NF-κB Activation and Inflammatory Cytokines Generation
	7.4 Fatty Liver Sensitizes to I/R-Mediated Injury
	7.5 Cholesterol and Hepatic I/R Injury
	7.6 Strategies to Protect Against Oxidative Stress During I/R
	7.7 Concluding Remarks
	References

	Chapter 8: Oxidative Stress and Liver Fibrogenesis
	8.1 Liver Fibrogenesis, Liver Fibrosis, and the Progression of Chronic Liver Diseases
	8.1.1 Basic Definitions and Concepts
	8.1.2 Liver Cell Populations Involved in Fibrogenic Progression of CLDs
	8.1.3 Hepatic Myofibroblasts: Origin, Activation, Phenotypic Responses, and Fate
	8.1.4 Pattern of Fibrosis: Aetiology and Prevailing Pro-fibrogenic Mechanisms

	8.2 Oxidative Stress, ROS, and Redox Signalling in Liver Fibrogenesis
	8.2.1 Oxidative Stress in CLD Progression: Involvement, Genesis, and General Significance
	8.2.2 Hepatic MFs as Pro-fibrogenic Functional Target Cells Sensitive to Oxidative Stress-Related Mediators: The Pioneer Studies
	8.2.3 NADPH-Oxidase Isoforms and Pro-fibrogenic Responses: Of Liver Cells, NOX, and Aetiologies
	8.2.4 NADPH-Oxidase Isoforms, Intracellular ROS Generation, and Pro-fibrogenic Responses of HSC and MFs
	8.2.5 Hypoxia, Mitochondrial ROS, and Pro-angiogenic and Pro-fibrogenic Responses of Activated HSCs and MFs
	8.2.6 Therapeutic Strategies to Counteract Oxidative Stress in Liver Fibrogenesis?

	References


	Part III: Oxidative Stress in Specific Liver Disease Conditions
	Chapter 9: Oxidative Stress in Acute Liver Failure
	9.1 Introduction
	9.2 Oxidative Stress in the Causes of ALF
	9.2.1 Drug-Induced Liver Injury
	9.2.1.1 Acetaminophen Hepatotoxicity
	9.2.1.2 Non-Acetaminophen Drug-Induced Liver Injury

	9.2.2 Viral Hepatitis
	9.2.3 Wilson Disease
	9.2.4 Other Causes of ALF

	9.3 The Role of Oxidative Stress in Liver Regeneration
	9.4 The Importance of Choosing the Right Endpoint
	9.5 Conclusions
	References

	Chapter 10: Oxidative Stress in Alcoholic Liver Disease
	10.1 Introduction
	10.2 Ethanol Metabolism in the Liver
	10.3 Oxidative Stress in the Pathogenesis of ALD
	10.4 Mechanisms Responsible for Alcohol-Induced Oxidative Stress in the Liver
	10.4.1 Reactive Oxygen Species
	10.4.2 Hydroxyethyl-Free Radicals
	10.4.3 Nitric Oxide
	10.4.4 Iron Overload
	10.4.5 Interference with Liver Antioxidant Defenses

	10.5 Role of Oxidative Stress in the Pathogenesis of Alcohol-Induced Liver Injury
	10.5.1 Alcoholic Steatosis
	10.5.2 Lobular Inflammation
	10.5.3 Hepatocellular Injury
	10.5.4 Alcohol-Induced Fibrosis and Cirrhosis

	10.6 Conclusions
	References

	Chapter 11: Oxidative Stress in Chronic Viral Hepatitis
	11.1 Introduction
	11.1.1 Chronic Viral Hepatitis
	11.1.2 Hepatitis C Virus
	11.1.2.1 Prevalence
	11.1.2.2 Transmission
	11.1.2.3 Diseases and Therapy
	11.1.2.4 Viral Genome and Life Cycle
	11.1.2.5 In Vitro and In Vivo HCV Models


	11.2 HCV Increases Oxidative Stress
	11.2.1 Iron Overload
	11.2.2 Mitochondrial ROS
	11.2.3 Nox2 of Phagocytes and Nox1 and 4 of Hepatocytes
	11.2.4 Cytochrome P450 Enzymes
	11.2.5 iNOS
	11.2.6 Decreased Antioxidant Defense

	11.3 Consequences of Oxidative Stress in Chronic Hepatitis C
	11.3.1 Hepatic Steatosis
	11.3.2 Hepatic Fibrosis and Cirrhosis
	11.3.3 Hepatocellular Carcinoma
	11.3.4 Extrahepatic Manifestations: Lymphoproliferative Disorders, Diabetes
	11.3.5 Effects on HCV

	11.4 Oxidative Stress in Chronic Hepatitis B
	11.4.1 HBV-Induced Pathogenesis

	11.5 Conclusions
	References

	Chapter 12: Oxidative Stress in Nonalcoholic Fatty Liver Disease
	12.1 Nonalcoholic Fatty Liver Disease
	12.2 Metabolic Pathways Leading to Hepatic Steatosis
	12.2.1 Increased Fatty Acid Uptake
	12.2.2 Decreased or Saturated FFA Oxidation
	12.2.3 Increased De Novo Hepatic Lipogenesis
	12.2.4 Alteration in Very Low-Density Lipoprotein- Triglyceride Secretion

	12.3 Multiple-Hits Leading to NAFLD Progression: Transition from Steatosis to Steatohepatitis
	12.3.1 Gut-Derived Endotoxin and Toll-Like Receptors
	12.3.2 Inflammatory Cytokine/Adipokines
	12.3.3 Lipotoxicity

	12.4 Oxidative Stress and Mitochondrial Dysfunction in NAFLD
	12.4.1 Mitochondria
	12.4.2 Endoplasmic Reticulum: Microsomes
	12.4.3 Peroxisomes
	12.4.4 Lysosomes

	12.5 Concluding Remarks
	References

	Chapter 13: Oxidative Stress in Nonautoimmune Biliary Diseases
	13.1 Cholangiopathies
	13.2 Cholangiocytes and Bile Ducts: Anatomy and Functions
	13.2.1 Cholangiocyte and Bile Production
	13.2.2 Cholangiocyte and Liver Repair

	13.3 Reactive Oxidative Species in Cholangiopathies
	13.3.1 Effects of Inflammation on ROS Generation
	13.3.2 NO Effects on Bile Secretion
	13.3.3 NO Effects on Liver Repair
	13.3.4 NO and Cholangiocarcinoma

	13.4 Conclusions
	References

	Chapter 14: Oxidative Stress in Autoimmune Liver Disease
	14.1 Oxidative Stress in Autoimmune Liver Diseases
	14.2 Immunopathogenesis of Autoimmune Liver Disease
	14.2.1 Autoimmune Hepatitis
	14.2.2 Primary Biliary Cirrhosis
	14.2.3 Primary Sclerosing Cholangitis

	14.3 Antioxidant Therapy in Autoimmune Liver Disease
	14.3.1 Antioxidative Therapy in Autoimmune Hepatitis
	14.3.2 Antioxidant Therapy in Primary Biliary Cirrhosis
	14.3.3 Antioxidative Therapy in Primary Sclerosing Cholangitis
	14.3.4 Antioxidant Therapy in Overlap Syndromes in Autoimmune Liver Disease
	14.3.5 IgG4-Related Sclerosing Cholangitis

	14.4 Other Antioxidants Therapy in Investigation in AILD
	References

	Chapter 15: Oxidative Stress and Hepatic Iron Overload
	15.1 Iron Metabolism
	15.1.1 Iron Distribution and Absorption
	15.1.2 Iron Storage and Recycling
	15.1.3 Hepcidin and Systemic Iron Homeostasis

	15.2 Chemical Properties, Biological Functions, and Toxicity of Iron
	15.3 Primary Iron Overload
	15.4 Secondary Iron Overload and Oxidative Stress
	15.4.1 Chronic Hepatitis C
	15.4.2 Non-alcoholic Fatty Liver Disease
	15.4.3 Alcoholic Liver Disease

	15.5 Hepatocellular Carcinoma and Oxidative Stress
	15.6 Conclusions
	References

	Chapter 16: Oxidative Stress in the Central Nervous System Complications of Chronic Liver Failure
	16.1 Introduction
	16.2 Pathogenesis of Hepatic Encephalopathy
	16.3 Oxidative Stress in Hepatic Encephalopathy
	16.3.1 Ammonia-Induced Oxidative Stress in Hepatic Encephalopathy
	16.3.1.1 In Vitro Evidence of Ammonia-Induced Oxidative Stress in Hepatic Encephalopathy
	16.3.1.2 In Vivo Evidence of Ammonia-Induced Oxidative Stress in Hepatic Encephalopathy
	16.3.1.3 Human Studies

	16.3.2 Manganese-Induced Oxidative Stress in Hepatic Encephalopathy

	16.4 Antioxidant Strategies for the Treatment of Hepatic Encephalopathy
	16.5 Conclusion
	References

	Chapter 17: Oxidative Stress and Liver Transplantation
	17.1 Introduction
	17.2 Pretransplant Conditions
	17.2.1 Transplant Candidates
	17.2.2 Marginal Donors

	17.3 Ischemia-Reperfusion Injury
	17.3.1 Pathogenesis
	17.3.2 Antioxidant Interventions in IR Injury
	17.3.2.1 Antioxidant Treatment
	17.3.2.2 Ischemic Preconditioning
	17.3.2.3 Gene Therapy


	17.4 Posttransplant Conditions
	17.4.1 Acute Rejection
	17.4.2 Immunosuppression and ROS

	17.5 Summary
	References

	Chapter 18: Antioxidant Approach to the Therapy of Chronic Liver Diseases
	18.1 Introduction
	18.1.1 The Antioxidant System
	18.1.2 Antioxidant Classification
	18.1.2.1 Intracellular Antioxidants
	18.1.2.2 Membrane and Extracellular Antioxidants
	18.1.2.3 Antioxidants That Modulate Nitric Oxide Metabolism


	18.2 Antioxidant Therapy for Chronic Viral Hepatitis
	18.2.1 Vitamins Given Singly or in Combination
	18.2.2 N-acetylcysteine
	18.2.3 Natural Compounds

	18.3 Antioxidant Therapy for Alcoholic Liver Diseases
	18.3.1 Vitamins E and C
	18.3.2 Polyenylphosphatidylcholine
	18.3.3 Silymarin
	18.3.4 S-adenosylmethionine

	18.4 Antioxidant Therapy for Non-alcoholic Fatty Liver Disease and Non-alcoholic Steatohepatitis
	18.4.1 Vitamins E and C
	18.4.2 Betaine
	18.4.3 Pentoxifylline
	18.4.4 Ursodeoxycholic Acid
	18.4.5 Metformin
	18.4.6 N-acetylcysteine

	18.5 Antioxidant Therapy for Liver Fibrosis and Cirrhosis
	18.6 Conclusion
	References


	Part IV: Oxidative Stress and Liver Cancer
	Chapter 19: Liver Cancer Classification
	19.1 Introduction
	19.2 Historical Notes
	19.3 Hepatocellular Carcinoma
	19.3.1 Clinical–Pathological Classification
	19.3.1.1 Early HCC
	19.3.1.2 Progressed HCC
	Gross Classification
	Histologic Classifications
	Classification by Histologic Grade


	19.3.2 Molecular Classification
	19.3.3 Classification of Premalignant Hepatocellular Lesions
	19.3.3.1 Large Cell Change
	19.3.3.2 Small Cell Change
	19.3.3.3 Dysplastic Foci
	19.3.3.4 Dysplastic Nodule


	19.4 Intrahepatic Cholangiocarcinoma
	19.4.1 Intrahepatic Cholangiocarcinoma
	19.4.1.1 Gross Classification
	19.4.1.2 Histological Classification
	19.4.1.3 Rare Histological Variants of iCC

	19.4.2 A Special Tumor
	19.4.3 Molecular Classification
	19.4.4 Classification of Premalignant Cholangiocellular Lesions

	19.5 Combined Hepatocellular–Cholangiocarcinoma
	19.5.1 Gross Classification
	19.5.2 Histological Classification of cHCC-CC

	19.6 Final Notes on the Histogenesis of Liver Cancers
	References

	Chapter 20: Oxidative Stress Mechanisms in Hepatocarcinogenesis
	20.1 Introduction
	20.2 Evidence and Role of Oxidative Stress in HCV- HVB- and NASH -HCC Patients
	20.2.1 Oxidative DNA Damage: 8-Hydroxy-2-Deoxyguanosine
	20.2.2 LPO Markers and Etheno DNA Adducts
	20.2.3 Iron Overload
	20.2.4 Nitrosative Stress Markers
	20.2.5 Cellular Antioxidant Systems
	20.2.5.1 Superoxide Dismutase
	20.2.5.2 Glutathione (GSH/GSSG)
	20.2.5.3 Nuclear Factor E2-Related Factor 2


	20.3 Oxidative Stress-Activated Cellular Signalling Pathways and HCC
	20.3.1 NF-κB and HCC Development
	20.3.2 p38α MAPK Pathway and HCC

	20.4 Role of Oxidative Stress in Experimental Hepatocarcinogenesis
	20.4.1 Genetically Modified Mouse Models
	20.4.1.1 Transgenic Mice Expressing HBV Proteins
	20.4.1.2 HCV Core Protein Transgenic Mice
	20.4.1.3 Methionine Adenosyltransferase 1a (Mat1a) Null Mice
	20.4.1.4 Acyl-coenzyme A Oxidase Null Mice
	20.4.1.5 Mdr2 Null Mice

	20.4.2 Mouse Models of Chemically Induced Oxidative Stress and HCC
	20.4.2.1 Diethylnitrosamine
	20.4.2.2 Thioacetamide
	20.4.2.3 Carbon Tetrachloride
	20.4.2.4 Choline- and Methionine-Deficient Diets (CMD)

	20.4.3 Genetically Modified Models with Enhanced Susceptibility to Chemically Induced Hepatocarcinogenesis

	20.5 Antioxidants in HCC Chemoprevention
	References

	Chapter 21: The Role of Oxidative Stress in Hepatocarcinogenesis
	21.1 Introduction
	21.2 Animal Experiments
	21.3 Epidemiology
	21.4 Pathogenesis
	21.4.1 General Aspects
	21.4.2 The Role Oxidative Stress
	21.4.2.1 Acetaldehyde, a Possible Pathogenic Factor in Hepatocarcinogenesis
	21.4.2.2 The Role of Cytochrome P4502E1
	CYP2E1 and Generation of ROS and Carcinogenic DNA Adducts
	CYP2E1 and Its Possible Role in NAFLD
	CYP2E1 and Retinoids

	21.4.2.3 Hepatic Iron as an Important Factor in Oxidative Stress
	Iron Toxicity and Carcinogenesis
	Prevalence of Iron Overload in ALD
	Systemic Iron Homeostasis
	Cellular Iron Regulation
	Hepatic Causes of Iron Overload in ALD
	Therapy of ALD in the Context of Iron Overload



	References


	Index

